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ABSTRACT
ATMOSPHERIC VOLATILE ORGANIC COMPOUND MEASUREMENTS: 
DISTRIBUTIONS AND EFFECTS ON AIR QUALITY IN COASTAL MARINE, 
RURAL AND REMOTE CONTINENTAL ENVIRONMENTS
by
Yong Zhou
University of New Hampshire, September, 2006 
Research Assistant Professor Barkley C. Sive, Chair 
A detailed description of the analytical methods employed for whole air 
sampling and analysis of atmospheric volatile organic compounds is 
presented. The system described in this thesis produced high precision 
measurements for a large suite of nonmethane hydrocarbons, halocarbons, 
and alkyl nitrates, from part per billion by volume (ppbv) to part per trillion by 
volume (pptv) levels. The measurement precision for most gases ranged 
from 1-10%.
Results from two subsequent field campaigns (2002 and 2003) 
conducted in Yellowstone National Park (YNP) are presented. The findings 
indicate that 2-stroke snowmobile engine emissions furnish large quantities of 
air toxics to the YNP air shed. Air toxics, which are major components of 2- 
stroke engine exhaust, show large enhancements between the high traffic 
and low traffic sampling periods. Evaluation of the photochemical history of air 
masses sampled in the Park reveals that the air toxic emissions were recent 
and persistent throughout the region and consistent with the 2-stroke exhaust 
sample fingerprints. Using a box model, the emission fluxes from snowmobile
xvi
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usage in the Park are estimated to be 0.35, 1.12, 0.24, 1.45, and 0.36 Gg/yr 
for benzene, toluene, ethyl benzene, xylenes, and hexane, respectively. The 
U.S. annual emissions from snowmobile usage are significant (-14-21%) with 
respect to EPA estimates.
Results of the atmospheric measurements of short-lived halocarbons 
are presented from the New England Air Quality Study 2002 campaign, 
summer 2003 at Thompson Farm (TF) and Great Bay, and the International 
Consortium for Atmospheric Research on Transport and Transformation 
(ICARTT) 2004 campaign. Elevated levels of bromoform (CHBr3) were 
frequently observed, with maxima of 37.9 pptv and 47.4 pptv for TF and 
Appledore Island (Al), respectively. During the ICARTT 2004 campaign, the 
average levels of CHBr3 and dibromomethane (CH2Br2) were higher at Al 
(CHBr3 = 14.3 pptv, CFI2Br2 = 3.2 pptv) compared to Thompson Farm (CHBr3 
= 6.3 pptv, CH2Br2 = 2.3 pptv). Wind conditions play a very important role in 
controlling the distributions of these gases. Emission flux estimates for CHBr3, 
CH2Br2, methyl iodide, and ethyl iodide were 26 + 57, 4.7 ± 5.4, 5.9 ± 4.6, and 
0.065 ± 0.20 nmol m'2 h“1, respectively.
xvii




Volatile organic compounds (VOCs) comprise a large family of carbon- 
containing compounds which are emitted into the atmosphere where they can 
participate in an array of photochemical reactions. Among the VOCs, non­
methane hydrocarbons (NMHCs) and halocarbons can play critical roles in 
atmospheric chemistry. The oxidation of NMHCs produces a suite of free 
radicals that are involved in nitrogen oxides (NOx (NO + NO2)) catalyzed 
reactions which generate ozone in the troposphere. Certain NMHCs, such as 
benzene, toluene, ethylbenzene, the xylenes, and hexane, have been 
classified as air toxics and/or carcinogenic compounds and can have 
detrimental affects on human health. For halocarbons, marine derived short­
lived halocarbons have been shown to influence tropospheric oxidation 
processes in various regions and contribute to stratospheric ozone depletion. 
Furthermore, these halocarbons have been frequently used as tracers to 
investigate the marine influence on air masses. These fundamentals help 
draw together the body of research conducted in Yellowstone National Park 
(YNP) and New England pertaining to these important classes of atmospheric 
VOCs.
This dissertation describes the observations of NMHCs at Yellowstone 
National Park (YNP) during the YNP 2002 and YNP 2003 campaigns. Air
1
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toxic emissions from snowmobiles in YNP were evaluated. The distributions 
of air toxics (benzene, toluene, ethylbenzne, xylenes, and hexane) associated 
with snowmobile exhaust were characterized. The emission fluxes in the Park 
were estimated and extrapolated to the whole United States to assess 
national annual air toxic emissions from snowmobile usage.
Also described in this dissertation are the observations of halocarbons 
in rural and coastal marine environments during the New England Air Quality 
Study (NEAQS) 2002, the International Consortium for Atmospheric Research 
on Transport and Transformation (ICARTT) 2004 campaign campaigns and 
the Great Bay emission study. Based on measurements of short-lived 
halocarbons, including bromoform (CHBr3), dibromomethane (CH2Br2), 
methyl iodide (CH3I) and ethyl iodide (C2H5I) at Thompson Farm, the Great 
Bay, Appledore Island, and the Gulf of Maine, the distributions of short-lived 
halocarbons at these sites were characterized and the factors controlling their 
distributions were investigated. The sea-to-air fluxes of selected gases were 
estimated for the Great Bay and the Gulf of Maine. Additionally, these short­
lived halocarbons were used as tracers to investigate the transports of air 
masses and the marine influences on local air quality.
Composition of the Earth’s Atmosphere
The Earth’s atmosphere is an envelope of gas surrounding the planet 
which is essential for supporting life in numerous ways. The atmosphere is a 
mixture of a multitude of chemical constitutes, with the most common gases 
listed in Table1.1. The major components of the atmosphere (nitrogen (N2), 
78.1%; oxygen (0 2), 20.9%) have been known quantitatively for more than
2
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two hundred years. Five noble gases (argon (Ar), neon (Ne), helium (He), 
krypton (Kr), xenon (Xe)), nitrous oxide (N20), hydrogen (H2) and three 
carbonaceous gases (carbon dioxide (C 02), carbon monoxide (CO), methane 
(CH4)) complete the list of the atmospheric components, which are present at 
mole fractions of 10'7 or larger (Table 1.1). The gases making up the 
atmosphere may be characterized as constant and variable species. Constant 
gases always have the same mixing ratios within the homosphere (the part of 
atmosphere bellow an altitude of about 100 km) over time scales of decades 
to centuries, with N2, 0 2 and the noble gases comprising this category. 
Variable gases are found to have variable mixing ratios in different parts of 
homosphere at distinct times. For example, the global average mixing ratios 
of C 02 and CH4 have been known to vary seasonally, have higher mixing 
ratios in the northern hemisphere than in the southern, and increase in global 
average mixing ratios with time during the past century. The background 
mixing ratios of CO in remote locations are known to be higher in the northern 
hemisphere than in the southern hemisphere.
The atmospheric composition is actually much richer than is suggested 
by Table 1.1. As many as 3,000 other species have been identified as being 
present in the atmosphere. The mixing ratios of these trace gases are very 
low, but they are important to the chemistry of the atmosphere. With the 
development of instruments capable of separation and detection at mole 
fractions of 1CT12 or less, interest in their temporal and spatial distributions, 
sources, and sinks has grown. Most of these trace gases are carbon- 
containing in nature and represent many of the different classes of VOCs: 
hydrocarbons, halocarbons, aldehydes, ketones, alcohols, etc. This
3
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dissertation is concerned with the quantitative measurements of a large 
variety of atmospheric VOCs, the distributions of air toxics and marine- 
derived short-lived halocarbons, and their effects on air quality in remote and 
rural continental, and coastal marine environments.
4
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Table 1.1. The major constituents of the earth’s atmosphere (expressed 
mole fractions).










N20  (nitrous oxide) 
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Atmospheric Nonmethane Hydrocarbons and Air Toxics Associated
with Snowmobile Emissions in Yellowstone National Park 
Atmospheric Nonmethane Hydrocarbons
Hydrocarbons (HCs) are a large class of compounds that contain only 
hydrogen and carbon atoms in various combinations. Hydrocarbons are 
ubiquitous components of the atmosphere with a variety of anthropogenic and 
natural sources and linked with many aspects of atmospheric chemistry. The 
most abundant hydrocarbon in the background atmosphere is CH4 with an 
average tropospheric mixing ratio (1984-1993) of ~1.7 ppm [Dlugokencky et 
al., 1994], Because of its long lifetime (~8-10 years) [Taylor et al., 1991], CH4 
is distributed throughout the lower atmosphere, and its chemistry is important 
globally. The mixing ratios difference between CH4 and the next most 
abundant hydrocarbon is a factor of a 1000 or more. It is often useful to 
distinguish between CH4 and all of the other hydrocarbons (often called 
nonmethance hydrocarbons, or NMHCs). The major anthropogenic sources 
of NMHCs include fossil foul combustion, natural gas emissions, industrial 
processing of chemicals and waste, and biomass burning. The large 
emissions from terrestrial vegetation are the major sources of natural 
NMHCs. A small percentage of natural NMHC emissions also arise from 
oceanic sources. Although NMHC concentrations are orders of magnitude 
lower than CH4, and range from ppbv down to pptv levels, they are far more 
reactive. The most rapid process is generally the reaction with the hydroxyl 
radical (OH), which controls the lifetimes of most NMHCs. The removal of 
unsaturated hydrocarbons can also occur via reaction with ozone. Other 
minor NMHC sinks include reaction with chlorine radicals (Cl) [e.g., Wingenter
6
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et al., 1996] and nitrate radicals (N 03) [Penkett et al., 1993]. The oxidation of 
NMHCs produces a suite of free radicals that are involved in nitrogen oxides 
(NOx (NO + NO2)) catalyzed reactions which generate ozone in the 
troposphere. The main mechanism for the removal of many hydrocarbons is 
by hydrogen atom abstraction:
RH + H O R  + H20  (1)
In the presence of NOx and sunlight, excess ozone and other oxidants are 
formed within the troposphere. Reaction series (2-5) briefly outlines the main 
pathway leading to the photochemical production of ozone in the troposphere 
(M is a molecule, N2, 0 2, etc.)
R + 0 2 -> R 02 (2)
R02 + NO -> RO + NOz (3)
N 02 + hv (A < 440 nm) -» NO + O (4)
O + 0 2 + M —> O3 + M (5)
High concentrations of ozone formed near the surface can have directly 
damaging effects on human health, plants, and materials.
In addition to contributing to the formulation of tropospheric ozone and 
particulate matter (PM) [Ziemann, 2002; Takekawa et al., 2003], certain 
NMHCs, have been known to be air toxics and/or carcinogenic compounds 
and can have detrimental affects on human health and welfare. Most air 
toxics have anthropogenic sources, including mobile sources (e.g., motor 
vehicle), stationary sources (e.g., factories, refineries, power plants), and 
indoor sources (e.g., building materials and activities such as cleaning). 
Examples of air toxics include benzene, toluene, ethylbenzene, xylenes (p-, 
m- and o-xylene), hexane, CO, and particles, which can be emitted by motor
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
vehicles and other moving sources. Most of air toxics have been identified 
through laboratory experiments in which animals receive very high doses of 
the compound being studied. Although humans almost never encounter the 
levels that animals are subject to in the laboratory, lower exposure levels can 
still pose severe health risks, including numerous respiratory, neurological, 
and carcinogenic effects. For example, air toxics such as benzene, toluene, 
ethlybenzene, xylenes, and hexane may cause irritation of the eyes and 
upper respiratory tract, respiratory arrest, dizziness, headaches, and 
anesthesia (http://www.epa.gov/ttn/atw/hlthef/hapindex.html). Acute and 
chronic exposures to toluene can affect the central nervous system (CNS) 
producing CNS depression and loss of memory [Irwin et a!., 1998]. 
Occupational exposure to benzene has shown increased incidences of 
leukemia in humans.
Air Toxic Emissions from Snowmobiles in Yellowstone National Park
Yellowstone National Park has been designated a mandatory Class I 
Airshed under the federal Clean Air Act (CAA). This requires that the quality 
of air within its boundaries remain in a state such that it does not suffer from 
impairment of visibility. A steady increase in wintertime oversnow recreational 
vehicle use in the Park since the late 1960s has significantly increased 
mobile-source (i.e., snowcoaches and especially snowmobiles) emissions. 
There are various environmental and health impacts associated with the use 
of snowmobiles in national parks, including air quality impairment from 
exhaust emissions [NPS, 2000], Exhaust from snowmobiles, especially those 
with 2-stroke engines, contains numerous toxic compounds including
8
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benzene, toluene, ethylbenzene, xylenes (p-, m- and o-xylene), and hexane, 
which are classified by the Environmental Protection Agency (EPA) as toxic 
air pollutants. The EPA and the International Agency for Research on Cancer 
(IARC) have classified benzene as a human carcinogen based on sufficient 
evidence from epidemiological studies [IARC, 1987; EPA, 1994], Based on 
the types of air pollutants associated with snowmobile exhaust, as well as the 
quantities in which they are emitted, the cumulative damaging health effects 
of what could be a highly concentrated, multi-pollutant mixture in the vicinity 
of snowmobiles are likely to be significant. This is particularly relevant for 
individuals who spend a considerable amount of time in the vicinity of 
snowmobile exhaust, such as areas of traffic congestion (entrance stations, 
parking lots) and poor emission dispersion. Another major concern is the 
accumulation of toxic organics in the snow pack. These pollutants may be 
flushed into nearby streams and water bodies during the spring snowmelt. 
Potential water quality concerns from snowmobile use in recreational parks 
have been addressed in several studies [Ingersoll et a i, 1997, Ingersoll, 
1999; Hagemann and VanMouwerik, 1999],
Winter use in Yellowstone National Park has been the subject of 
controversy for many years. Historically, an average of about 765 
snowmobiles entered Yellowstone each day, mostly using 2-stroke engines. 
In February 2003, the National Park Service (NPS) capped overall levels of 
snowmobile use (920 snowmobiles daily) and required that during the 2003- 
04 winter use season, most (i.e., 80%) of all recreational snowmobiles 
operating in the Parks be best available technology (BAT) equipped. All such 
machines were mandated to be BAT equipped by the 2004-05 winter use
9
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season. On November 10, 2004, the NPS published another decision 
implementing winter use rules for an interim period, through the winter of 
2006-07. This decision allowed 720 snowmobiles per day in YNP, all 
commercially guided. With minor exceptions, all snowmobiles would be 
required to meet NPS’s BAT requirements. At the current time, BAT 
requirements include a 90% reduction in hydrocarbons and a 70% reduction 
in CO relative to the EPA’s baseline assumptions for uncontrolled 
snowmobiles that were published in the Federal Register on November 8 , 
2002 [EPA, 2002]. These requirements translate into hydrocarbon emissions 
not exceeding 15 g/kW-hr, and CO emissions not exceeding 120g/kW-hr. The 
temporary winter use plan ensures that resources are protected and allows 
the NPS to complete the development of a long term plan for winter use and 
Environmental Impact Statement (EIS), which will guide the management of 
winter recreational use of the Park beginning with the winter of 2007-2008.
Several studies to date have examined emissions from snowmobile 
engines [Morris et a!., 1999; Bishop et al., 2001; Southwest Research 
Institute, 2002], A mobile source emissions inventory based on fuel use in 
YNP during the 1998-1999 season found that snowmobiles account for 
approximately 27% of the annual emissions of CO and roughly 77% of the 
annual emissions of hydrocarbons [Morris et al., 1999]. Research conducted 
by the Southwest Research Institute found that exhaust emissions from 
commercially available 4-stroke snowmobiles were significantly less than 2- 
stroke sleds. Compared to 2-stroke snowmobiles, 4-stroke snowmobiles emit 
95-98% less hydrocarbons and roughly 90% less toxic hydrocarbons 
[Southwest Research Institute, 2002], According to the air quality analysis of
10
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snowmobile and snowcoach emissions for the 2004-05 winter use plan, the 
baseline condition (920 2-stroke snowmobiles daily) results in 864 tons of CO 
and 608 tons of hydrocarbons per winter season in YNP, while emissions of 
CO and hydrocarbons were estimated to be 235 ton/season and 23 ton, 
respectively by using alternative 5 (920 4-stroke snowmobiles daily) [NPS,
2004], Results from a 2-day study conducted at the West Entrance station 
found a mean toluene mixing ratio of 1976 ppm in snowmobile exhaust 
[Morris et al., 1999]. Personal exposure measurements of VOCs were 
conducted for YNP employees during the winter of 1999. This study 
monitored a number of toxic compounds, including benzene, toluene, and 
formaldehyde [Kado et al., 2001]. Of the VOCs measured in this study, 
toluene had the highest relative concentration. Also, VOC monitoring 
conducted at fixed sites showed similar types of gasoline-associated toxic 
compounds (e.g., benzene and toluene) at each location, with highest levels 
prevailing at the West Entrance. The study indicated that the concentration of 
benzene for some employees could approach the Recommended Exposure 
Levels (RELs) as established by the National Institute for Occupational Safety 
and Health (NIOSH). The study supported the hypothesis that “Park 
employees and the surrounding environment are exposed to high levels of 
many toxic pollutants as a result of snowmobile use within the Park...” [Kado 
et al., 2001], These results indicate that levels of individual pollutants, 
including carcinogens such as benzene, resulting from snowmobile exhaust, 
can be high enough to be considered a threat to human health.
The majority of air quality research conducted in YNP has focused on 
snowmobile exhaust emissions and human exposure to toxic air pollutants.
11
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Very little information exists concerning the spatial variation of air toxics from 
snowmobile emissions in YNP. In our study described in Chapter 3, we use 
atmospheric measurements to characterize the distribution and spatial 
variation of air toxics associated with oversnow vehicular traffic. The emission 
rates of benzene, toluene, ethylbenzene, xylenes, and hexane from 
snowmobile use in the Park are estimated by using a box model. The results 
are compared to estimates of emissions based on the actual use of 
snowmobiles and emission measurements made during 2003 campaign. This 
research will provide base-line VOC data which can ultimately be used by the 
NPS to assess the effectiveness of management decisions concerning 
oversnow traffic in YNP.
Short-lived Halocarbon Measurements in New England Rural and 
Coastal Marine Regions 
Short-lived Halocarbons
Halocarbons have anthropogenic and natural sources with 
atmospheric lifetimes varying from days to centuries. The short-lived 
halocarbons, such as CHBr3 , CH2 Br2 , CH3 I and C2 H5 I have been shown to be 
sources of the halogen oxide radicals BrO and 10 to the atmosphere. These 
radicals play important roles in the chemistry of the troposphere. Reactive 
halogen chemistry has been linked to depletion of surface ozone in various 
regions, including the Arctic and Antarctica, [Barrie et al., 1988; Foster et al., 
2001; Bottenheim et al., 2002], coastal areas [Alicke et al., 1999; Nagao et 
al., 1999; Galbally et al., 2000], and the marine boundary layer [Leser et al., 
2003; Carpenter et al., 1999]. Iodine chemistry has also been shown to lead
12
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to new particle formation [O’Dowd et al., 2002; Hoffmann et al., 2001; 
Jimenez et al., 2003]. Gaseous alkyl iodides may act as precursors to particle 
production in coastal regions and are estimated to significantly increase both 
direct scattering and cloud condensation nuclei (CCN) concentrations 
[Hoffmann et al., 2001; Jimenez et al., 2003]. Under strong convective 
conditions, which are predominant in the tropics, even relatively short-lived 
gases such as CHBr3 and CH2 Br2 can be transported to the stratosphere or 
reach it as inorganic Br, thus contributing to ozone depletion [Solomon et al., 
1994; Davis et al., 1996; Dvortsov et al., 1999; Schauffler et al., 1999; 
Montzka et al., 2003], In addition, short-lived marine halocarbons have been 
frequently used as tracers to investigate the marine influence on air masses 
[e.g., Atlas et al., 1992; Blake et al., 1996a; Blake et al., 1999], 
Measurements of these marine tracers are important for improving our 
understanding of the atmospheric processes that control the production and 
distribution of air pollutants along coastal marine regions.
Marine macroalgae and microalgae are capable of producing a 
considerable number of different halocarbons [Gschwend et al., 1985; Manley 
and Dastoor, 1988; Sturges et al., 1992; Moore and Tokarczyk, 1993; 
Carpenter and Liss, 2000; Quack and Wallace, 2003], It has been suggested 
that in macroalgae, the formation of halocarbons is initiated by an enzyme- 
catalyzed reaction of accumulated halide ions with hydrogen peroxide to form 
hypohalous acid. Halocarbons may be subsequently formed in the algal cells 
and transferred to seawater or alternatively, formed outside the cell by 
reaction of the released hypohalous acid with organic matter in seawater 
[Carpenter et al., 1999, and references therein]. Field measurements and
13
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laboratory culture studies of microalgae suggest planktonic species produce 
and release halocarbons into the seawater, particularly in coastal areas [Klick 
and Abrahamsson, 1992; Moore et al., 1996], In these species, 
bromoperoxidase and iodoperoxidase enzymes are believed to be 
responsible for the production of bromocarbons and iodocarbons, respectively 
[Moore et al., 1996], Apart from biogenic sources, the anthropogenic 
chlorination of seawater also leads to the production of trihalomethanes 
(THMs) [Fogelqvist and Krysell, 1991; Jenner et al., 1997; Allonier et al., 
1999; Quack and Wallace, 2003], with bromoform as the principal by-product 
[Allonier et al., 1999]. In this process, hypochlorite and hypobromite react with 
organic material, producing THMs. The production of THMs by chlorination is 
greatly enhanced with increased bromide concentrations in the water [Jenner 
et at, 1997],
Atmospheric CHBr3 is one of the most abundant biogenic organic 
bromine compounds and is a major source of reactive bromine to the 
atmosphere [Schauffler et at, 1999; Carpenter and Liss, 2000]. A positive 
correlation between CHBr3 and CH2 Br2 has been observed in air masses with 
recent marine influences indicating that they have a common biological 
source [Carpenter et al., 2003], Photolysis and reaction with OH are the major 
atmospheric sinks of CHBr3, yielding a photochemical lifetime of ~2-3 weeks 
[Carpenter and Liss, 2000]. For CH2 Br2, reaction with OH is the major 
removal mechanism with a lifetime of ~3—4 months [Schauffler et at, 1999], 
The 1990 global average tropospheric concentrations of CHBr3 and CH2 Br2 
were 0.2-0.3 pptv and 0.5-3 pptv, respectively [Brasseur et at, 1999]. The 
source strength of CH2 Br2 was estimated by Carpenter et at [2003] to be
14
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between 15 and 25% of the global CHBr3 flux, which is -2 .2  *  1011 g CHBr3 
yr" 1 [Carpenter and Liss, 2000]. This implies that the higher global average 
atmospheric concentration of CH2 Br2 compared to CHBr3 is likely because of 
its longer lifetime.
Previously reported results indicate much higher production rates and 
subsequent emission of CHBr3 in coastal regions compared to the open 
ocean (Table 1.2 and references cited therein). Estimates of algal biomass 
and halocarbon emissions suggest that macroalgae in coastal regions 
contribute about 70% of the global CHBr3 production [Carpenter and Liss, 
2000], Mixing ratios of CHBr3 measured at the coastal site Mace Head, 
Ireland, ranged from 1.0 to 22.7 pptv with a mean value of 6 . 8  pptv in 
September 1998 [Carpenter et al., 2003] (Table 1.2). Coastal CHBr3 
concentrations presented by Quack and Wallace [2003] in the region 40° - 
60°N ranged between 1 and 8.3 pptv. In contrast to these coastal regions, a 
mean mixing ratio of 0.5 pptv was observed in the open ocean of the northern 
Atlantic in October 1996 [Fischer et al., 2000] (Table 1.2). These results 
suggest that the coastal marine environment is a source region for CHBr3, 
with elevated mixing ratios that might strongly influence the atmospheric 
chemistry in these regions [Carpenter and Liss, 2000]. In some coastal 
regions, where numerous disinfection facilities and power plants dump 
effluent into coastal waters, chlorination of water may serve as an additional 
source of CHBr3. The current source estimate from water chlorination is -0 .3  
Gmol Br yr"1, which accounts for a small part of the annual global flux of -10  
Gmol Br yr" 1 [Quack and Wallace, 2003] but may be more significant locally
15
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[Fogelqvist and Krysell, 1991; Jenner etai ,  1997; Allonier et al., 1999; Quack 
and Wallace, 2003],
Atmospheric CH3I and C2 H5I are marine derived iodocarbons that have 
been identified as significant sources of iodine to the atmosphere [Singh et 
al., 1983a; Yokouchi et al., 1997; Vogt et al., 1999]. In addition to biological 
production, photochemical production in surface seawater has been indicated 
as an important source of CH3I [Moore and Zafiriou, 1994; Happell and 
Wallace, 1996]. The major sink for atmospheric CH3I and C2 H5I is photolysis. 
Recently, microbial consumption has been identified as a loss process for 
CH3I [Wingenteret al., 2004], The photolytic lifetime of CH3I at low latitudes is 
reported to be 3-4 days, increasing to 2 weeks or more at higher latitudes 
[Blake et al., 1999]. There is very little information on the lifetime of C2 H5I 
because even fewer atmospheric measurements are reported in the literature 
for this molecule. However, Carpenter et al. [1999] have suggested that C2 H5I 
and CH3I have similar photochemical lifetimes. Previously reported mixing 
ratios of CH3I and C2 H5I have ranged from 0.12-1.47 pptv and <0.02-0.21 
pptv, respectively, from measurements at Mace Head [Carpenter et al., 1999] 
and 0.24-2.0 pptv and <0.03-0.31 pptv, respectively, over the Asian seas 
[Yokouchi et al., 1997]. Atmospheric mixing ratios of C2 H5I are significantly 
lower than those of CH3I (Table 1.2), which may reflect the lower volatility, 
slower sea-to-air flux, and shorter lifetime of the heavier species rather than a 
lower oceanic production rate [Carpenter et al., 1999].
In contrast to marine derived short-lived halocarbons, both 
tetrochloroethene (C2CI4) and trichloroethene (C2 HCI3) are anthropogenic 
halocarbons and widely used as solvents and dry cleaning fluids [Wang et al.,
16
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1995], with main sources located in the Northern Hemisphere. Previous 
measurements have shown a strong latitudinal gradient in the mixing ratios of 
these gases, with highest concentrations at high latitudes in the Northern 
Hemisphere and relatively low concentrations in equatorial regions and the 
Southern Hemisphere [Wang et al., 1995; Blake et al., 1999] (Table 1.2). 
These two compounds are frequently used as tracers of urban air masses 
[Blake et al., 1996b]. The concentrations and ratios of these two compounds 
reflect the extent of anthropogenic influence and help to characterize the 
photochemical aging of contaminated air masses. High concentrations of 
C2 HCI3 relative to C2CI4  point to fresh anthropogenic emissions because of its 
short atmospheric lifetime of ~7 days [Quack and Suess, 1999] compared to 
C2CI4  with an OH lifetime of about 3.5-4 months [Singh et al., 1996; Olaguer, 
2 0 0 2 ], Conversely, relatively high levels of C2CI4  can indicate long-range 
transport of urban air masses. Therefore the ratio of C2 HCI3/C2CI4 can help 
constrain air mass processing times.
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Table 1.2. Halocarbon mixing ratios as reported in the literature a
Location or Latitude and Dates CHBr3pptv CH2Br2 pptv CH3I pptv C2H5l pptv C2CLpptv C2HCI3pptv Reference
Region Longitude, deg
Mace Head 53.3 N, 9.9 W Sept. 1998 6.8(1.0-22,7) 1.44 (0.28-3.39) 3.8(1.3-12.0) Carpenter,
(shore) et al., 2003
July 1996 3.4(1.9-8.7 Bassford, et
al., 1999
May 1997 6.27 (1.9-16.3) 0.43 (0.12-1.47) 0.06 (<0.02-0.21) Carpenter, 
et al., 1999
Cape Grim 40.7 S, 144.7 Jan.-Feb. 2.6 (0.7-8.0) 0.43 (0.10-1.39) 2.6(1.0-7.3) Carpenter,
(open ocean air E 1999 e ta i,  2003
masses)
Patagonian Oct.-Nov. 2.4 ±0.48 Fischer, et
Shelf (South) 1996 al., 2000
Tsukuba Town, Apr. 1990 (0.79-1.71) (0,70-1.28) Sharp, et
Japan (shore) al., 1992
Point Barrow, 71.3 N, 156.6 1984-Sept., 6,3(2-11) Cicerone, et
Alaska W 1987 al., 198S
Alert (shelf) 83 N, 64 W Jan. 1992 2.6 (2.0-3.7) 0.8 (0.5-1.0) (0.9-1.4) 8.3 (6.6-9.7) 8.4(5.4-11.5) Yokouchi, 
etal., 1994
Apr. 1992 1.6 (0.9-3.2) 0.8 (0.6-1.0) 0,4(02-0.6) 6.8 (4.3-9.5) 2.4(05-4.3)
















r, 1986 a, b, 
A 1988 
Koppmann, 
e ta i,  1993 
Wiedmann, 
e ta i, 1994
0-65.7 N, 0.1- Oct. 1996 0.5 ±0.1 1,0 ±0,2 Fischer, et
35.5 W ai, 2000






0.35 ±0,08 0.79 ±0.03
ai, 1995
Schauffler, 
e ta i,  1999
35 N-22 S. W. Jan., Feb. 1.01 (0.28-2.9) 0,87 (0.47-1.36) 6.6(0.68-40) Yokouchi,
Pacific 1991 e ta i,  1997















Location or Latitude and Dates CHBr3pptv CH2Br2 pptv CH3I pptv C2H5I pptv C2CI4 pptv C2HCI3pptv Reference
Region Longitude, deg
Pacific (open 4-43 N, 113- Sept. 1994 1.2 (0.38-10.67) 7(0.83-128.7) 3.52 (0.03-141.2) Quack &
ocean) 150 E
25-48 N, 114- 
165 E

















0-40 N, 90.3- 1982 29 12 Singh, et
117 W al., 1983
10S-15N, Feb., Mar. 2.30 (0.50-6.70) 1,07 (0.6-1.8) 5.4(1.8-24.2) Atlas, et
144-165 E 1990 al., 1993
39-55 S, 135- Nov. 1995 0.3 1.4 Blake, et
160 E al., 1999
15-35 N, 115- Dec, 1996- 0.7 ±0.1 U, et al.,
140 E Feb. 1997 2001
W. Pacific & 15N-15S, 1.2 ±0.7
Indian Ocean 95-120 E
(open ocean)
E & SE Asian Jan.-Mar. 1.2(0,32-7.1) 0.77 (0.38-1.42) 0.63 (0,24-2.0) 0.09 (<0.03-0.31) 9.5(1.77-70.0) 147 (<0.1-261) Yokouchi,
Seas (open 1994 e ta i, 1997
ocean)
Antarctic 60.5-66.5 S. Oct.-Dec. 6.3(1.0-37.4) 37(0.3-8.6) 2.4 ± 1.5 Reifenh&us
(shelf) 54.5-69,16 W 1987 er&
Heumann, 
1992 a & b
* Values are given in parts per trillion by volume 
b Median concentrations___________________
Overview of NEAQS 2002 and ICARTT (NEAQS-ITCT) 2004 Campaigns
and Short-lived Marine Halocarbon Measurements
The New England Air Quality Study (NEAQS) 2002 (available at 
http://www.al.noaa.gov/NEAQS/) took place in summer 2002 and was 
initiated jointly by AIRMAP, a UNH air quality and climate program, and by 
NOAA. A primary goal of NEAQS was to improve our understanding of the 
atmospheric processes that control the production and distribution of air 
pollutants in the New England region. Information on the distribution of short­
lived marine halocarbons will help to elucidate processes related to the 
marine influence in this region. Chapter 4 presents the atmospheric 
measurements of the marine derived halocarbons CHBr3 and CH2 Br2, and the 
anthropogenic halocarbons C2CI4  and C2 HCl3 from January-March and 
June-August 2002 at Thompson Farm (TF) in the seacoast region of New 
Hampshire. Also presented are measurements of CHBr3, CH2 Br2, CH3 I, 
C2 H5 I, and C2CI4, from 18-19 August 2003 at TF and five other locations 
throughout the local Great Bay estuarine area. Emission fluxes of marine- 
derived halocarbons were estimated from these measurements. For CHBr3, 
the results from the Great Bay study are compared with sea-to-air fluxes from 
the Gulf of Maine determined from air and surface seawater measurements 
made onboard the NOAA ship Ronald H. Brown as part of the NEAQS 2002 
campaign. Finally, the potential anthropogenic source strength of CHBr3 
discharged into local water bodies from power plants and water treatment 
facilities was assessed.
The International Consortium for Atmospheric Research on Transport 
and Transformation (ICARTT) 2004 was formed to help coordinate a series of
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experiments developed by a number of research groups in North America and 
Europe, which were aimed at developing a better understanding of the factors 
that shape air quality in their respective countries and the remote regions of 
the North Atlantic. The combined research conducted in ICARTT focused in 
three main areas: regional air quality, intercontinental transport, and radiation 
balance in the atmosphere. Among the programs that make up ICARTT 2004, 
the New England Air Quality Study - Intercontinental Transport and Chemical 
Transformation (NEAQS - ITCT) 2004 program initiated jointly by AIRMAP 
program, and by NOAA, focused on air quality along the Eastern Seaboard 
and transport of North American emissions into the North Atlantic. 
Measurements of key atmospheric species at Thompson Farm, Durham, NH, 
and Appledore Island, ME, were conducted with the clear goal of addressing 
fundamental gaps in our knowledge of atmospherically relevant trace gas 
distributions, oxidative processing of anthropogenic and biogenic organic 
carbon, the mechanisms of aerosol formation and aerosol modification and 
trace gas exchange at the surface ocean. The study described in Chapter 5 
focuses on the distributions of the oceanic short-lived brominated organic 
compounds and uses these gases as tracers to better understand the 
transport of air masses and the marine influences on air quality in rural 
continental and coastal marine environments in the New England region. In 
Chapter 5, we present the measurements of atmospheric CHBr3 and CH2 Br2 
conducted during ICARTT (NEAQS-ITCT) 2004 campaign at Thompson Farm 
(July 2-August 15, 2004), and at Appledore Island (July 2-August 13, 2004). 
For comparison, measurements of these two gases at Thompson Farm 
during July 3-September 17, 2003 are also presented. Vertical profiles of
21
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these two gases in the troposphere over the coastal region of the Gulf of 
Maine were obtained from measurements conducted onboard the NASA DC- 
8  aircraft during ICARTT 2004 campaign. The atmospheric distributions are 
interpreted with local wind data to investigate the source region relationships. 
Correlations of CHBr3 with CH2 Br2 and CH2 Br2/CHBr3 with CHBr3 are 
presented to demonstrate their common sources and to study the evolution of 
the compositions of air masses at the coastal and inland sites. Additionally, in 
the case study section, CHBr3 and CH2 Br2 are used as marine tracers to 
study the tropical storm impacts on dissolved gas emissions, characterize the 
transports of air masses during ozone episodes, and to identify the 
entrainment of an air mass influenced by biomass burning from the upper 
troposphere.
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The canisters used in the present studies were 2-liter electropolished 
stainless steel canisters (University of California, Irvine, CA) and 1-liter silica 
lined canisters (Entech Instruments, Simi Valley, CA). Before being sent to 
sampling locations, canisters were prepared at UNH and were first flushed 
with ultra-high purity (UHP) helium and then evacuated to 1 x 10' 2 torr. 
Flushing and evacuating the canisters reduces the possibility of 
contamination by the canisters’ pre-sampling contents. Canisters were 
evacuated to 1 x 10"2 torr using the pump-out manifold displayed in Figure 
2.1. The manifold line was connected to two "U-tubes" immersed in liquid 
nitrogen which are connected to two Vacuubrand model RZ16 vacuum pumps 
(Vacuubrand, Germany). The 1” O.D. 6 ’ long U-tubes prevented any back 
diffusion of pump oil to the clean vacuum line. The pump-out manifold was 
equipped with an Edwards TC-1 thermocouple gauge and 507 analog display 
(Edwards High Vacuum, Wilmington, MA) to monitor pressures between 1 x 
10' 3 and 1.0 torr. After the canisters were evacuated, they were then flushed 
with UHP helium and evacuated again to 1 x 10' 2 torr. The UHP helium was 
cold trapped cryogenically (passed through an activated charcoal/molecular 
sieve (13X) trap immersed in liquid nitrogen) to ensure no contamination from 
the regulator attached to the cylinder. Depending on the sampling project,
23
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humidification of the canisters was necessary to minimize surface adsorption 
of various gases under the low relative humidity conditions.
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Sampling Technique
Ambient pressure samples were collected during both YNP 
campaigns. Ambient pressure samples were also collected for our short-lived 
halocarbon emission study conducted at the Great Bay estuary, NH. The 
canisters used in these studies were prepared using the method described in 
section 2 . 1  and were transported by group members to various sampling 
locations. For each sample, the canister’s valve port was flushed with ambient 
air and the canister slowly filled in such a way as to ensure that the contents 
would be representative of the larger volume of ambient air surrounding the 
site. This required that the researcher slowly walk in an upwind direction with 
the canister held above eye-level to ensure that a fresh stream of ambient air 
be encountered by the valve port. The valve was then closed to contain the 
sample in the canister. After sampling was complete, the canisters were 
returned to our laboratory for sample analysis.
For pressurized samples, which were taken during the ICARTT 2004 
campaign, a gas handling manifold and a metal bellows pump were used for 
sample collection. The whole air collection system is shown in Figure 2.2. 
During sampling, air from the inlet mounted on the top of the tower on the 
Appledore Island was drawn though a 1/4” O.D. stainless steel tube and 
directed to the gas handling manifold, where it can be directed to the canister 
arrays. The canister arrays were comprised of thirty-two 2-liter stainless steel 
canisters connected in series. At the beginning of the sampling campaign, the 
metal bellows pump was switched on about 24 hours before the first sample 
was taken, flushing and cleaning the gas handling manifold. The gas handling 
manifold and each canister array line were flushed with outside air throughout
26
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the whole sampling campaign. The flushing sufficiently eliminated the tower 
air present in the manifold and canister array lines. For collecting each 
sample, the array line was pumped and flushed three times. Then the canister 
was filled to 35 psig and then vented to about 20 psig (to prevent ambient air 
from being sucked back in to the line and canister). This procedure was 
repeated for three times before the canister was filled to 35 psig. The valve 
was closed to contain the sample in the canister. After filling, the samples 
were then returned to the laboratory at UNH for analysis.
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Figure 2.2. ICARTT (NEAQS-ITCTC) 2004 canister sampling manifold.
Canister Sample Analytical System for VOC Analysis
The analytical system described in this section was used in our 
laboratory for sample analysis during the ICARTT 2004 campaign. This 
analytical system is shown in Figure 2.3, Table 2.1a and b list the operating 
parameters for different studies described in this thesis. The trace gas 
analytical system is composed of a vacuum line, a splitter box, two GCs, one 
GC/MS, a liquid nitrogen delivery system, five separation columns, five 
detectors, and two computers for data acquisition and storage.
The vacuum line consists of 2-liter and 1-liter stainless steel excess 
volume cans, an Edwards TC-1 thermocouple gauge and 507 analog display 
(Edwards High Vacuum, Wilmington, MA), 1000 torr Edwards capacitance 
manometer (Datametrics barocel 622AB, Edwards High Vacuum, Wilmington, 
MA) and Datametrics 1570 digital readout, a specially modified Valeo UWP 
six-port switching valve (Valeo Instruments, Houston, TX), and a 
preconcentration loop. The Edwards TC-1 thermocouple gauge and 507 
analog display were used to monitor pressures between 1 x 1 0 ' 3 and 1 . 0  torr 
while a 1000 torr Edwards capacitance manometer and Datametrics 1570 
digital readout were used to accurately monitor trapping pressures. The 
preconcentration loop (1/4” O.D. stainless steel loop) was filled with 3 mm 
glass beads and connected to the switching valve. The specially modified 
UWP six-port switching valve enables the preconcentration loop to be isolated 
so that the trace gases can be revolatilized while allowing the carrier gas to 
flow continuously to the columns. The modification of the commercially 
available switching valve is described by Sive, [1998], Two Vacuubrand 
Model RZ 16 vacuum pumps were connected to the vacuum line via U-tubes
29
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that were immersed in liquid nitrogen to alleviate back diffusion and pump 
contamination.
The transfer line (a Valeo 1/16” silica stainless steel line) from the 
switching valve connected to the splitter box where the sample was 
quantitatively split (Figure 2.3). The splitter box consisted of two Valeo 1/16" 
stainless steel crosses connected in series. Attached to the crosses were 
1/32” silica stainless steel lines leading to the GCs and GCMS. Preceding the 
transfer lines on the PLOT column, DB-1 column, and OV-624 (GCMS) (see 
below), 5 m piece of 0.2 mm I.D. deactivated fused silica were used to restrict 
the flow in these columns.
For the MS channel, a secondary carrier gas was required to maintain 
high sensitivity, which could not be achieved otherwise since the main carrier 
flow rate through each capillary column was faster than optimal [Sive et al.,
2005]. A four-port switching valve (GCV) with one port capped off was placed 
in line for the transfer line feeding the MS channel and used to control the 
secondary carrier flow, jn position A (Figure 2.3), the carrier flow passed 
through the switching valve and transfer line, allowing for the transfer of 
analytes to the separation column while the secondary carrier was directed to 
a dead end flow path. After the sample was injected for 2 min, the secondary 
carrier four-port switching valve was actuated to direct the main carrier to the 
dead end flow path while the secondary carrier flowed to the mass 
spectrometer.
Two Shimadzu 17 Series GCs and one Shimadzu QP 5050A Series 
GCMS were used. GC1 contained one 50 m x 0.53 mm I.D., 10 pm film 
thickness A 1 2 0 3 /Na2 S0 4  PLOT column, which was connected to a flame
30
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ionized detector (FID) for C3-C10 NMHC measurements (Table 2.1). In GC2, 
one 60 m x  0.32 mm I.D., 1.0 pm film thickness DB-1 column was connected 
to a FID and used for the C6-C10 NMHC measurements. Also in GC2 was one 
60 m x 0.25 mm I.D., 1 pm film thickness OV-1701 column, connected to an 
electron capture detector (ECD) for C1-C2 halocarbon and C1-C4  alkyl nitrate 
measurements. The GCMS contained two 60 m x 0.25 mm I.D., 1.4 pm film 
thickness OV-624 columns. One OV-624 column was plumbed into an ECD 
and separated approximately 20 C1-C2 halocarbons. The second OV-624 
column provides separation for the MS, resulting in duplicate measurements 
for certain halocarbons and NMHCs. This enables us the ability to accurately 
quantify certain gases that we are unable to using the FIDs or ECDs. For the 
GCMS, electron impact mode is used for sample ionization along with single 
ion monitoring. The gas separation is unique for each of the columns and 
thus, any gases co-eluting on one column are usually resolved on another. 
The temperature program for GC and GCMS is listed in Table 2.1. The output 
signal from detectors were recorded and stored on two Micron PCs using 
CLASS-VP and GCMS solution softwares.
The temperatures for the detectors were as follows: the ECDs were at 
250° C, the FIDs were at 250° C, and the MS was at 250° C (Table 2.1). For 
each of the FIDs, UHP hydrogen and house-compressed air were used. 
Activated charcoal/molecular sieve (13X) traps was used for the UHP 
hydrogen. The hydrogen trap was maintained in liquid nitrogen to further 
remove impurities, significantly reducing the noise associated with impurities 
from the cylinder and/or regulator. A JUN model OF 302 air compressor 
(JUN-AIR, IL) coupled with a zero air generator (Parker Hannifin Corporation,
31
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Haverhill, MA) was used to produce house-compressed zero air. Because a 
continuous supply was delivered to the FIDs without having to frequently 
change cylinders during continuous operation, minor changes in sensitivity 
associated with changing compressed air cylinders could be alleviated. The 
make-up gas for the ECDs and FIDs was UHP nitrogen from a nitrogen 
cylinder. An activated charcoal/molecular sieve (13X) traps was used on the 
delivery line.
To cool the GCs, a liquid nitrogen delivery system was installed. The 
liquid nitrogen delivery system consisted of a delivery manifold and a liquid 
nitrogen tank connected to the delivery manifold. The delivery manifold was 
connected to a single delivery line at one end which split into 3 individual 
delivery lines that were connected to each GC’s cryogenic solenoid valve. 
The liquid nitrogen tanks used for cooling the GCs were at ~25 psig.
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Figure 2.3. ICARTT (NEAQS-ITCT) 2004 analytical system.
Table 2.1a. Analytical system parameters used during Yellowstone 
campaigns.
G C , g c 2 g c 3
Initial Tem perature ( X ) -20 -80 -40
Initial Tim e (minutes) 0.5 1.5 1.5
Rate (°C/minute) 15 70 15
Final Tem perature (°C) 200 -20 40
Final Tim e (minutes) 7 0 0
Rate A  (°C/minute) 0 10 10
Final Temperature A  (°C) 0 140 180
Final Tim e A  (minutes) 0 0 0
Rate B (°C/minute) 0 70 -
Final Tem perature B (°C) 0 180 0
Final T im e B (minutes) 0 0 -
Column Type PLOT Cyclodex-B OV-1701 OV-624
Length (m) 25 30 60 60
Film Thickness (pm) 10 0.25 1 1.4
I.D. (m m ) 0.53 0.32 0.25 0.25
Detector Type FID FID ECD ECD
Detector Tem perature (“C) 250 250 250 250
Table 2.1b. Analytical system parameters used during ICARTT 2004
g c  , g c 2 g c m s
Initial Temperature ( X ) -20 -40 -80
Initial Tim e (minutes) 0.5 1.5 3
Rate (°C/minute) 15 10 7
Final Temperature (°C) 50 200 -20
Final T im e (minutes) 0 0 0
Rate A  (°C/minute), 10 0 10
Final Temperature A  (°C) 200 0 140
Final Tim e A  (minutes) 7 0 0
Rate B (°C/minute) 0 0 15
Final Temperature B (°C) 0 0 200
Final Tim e B (minutes) 0 0 0
G C 1 2 2 G CM S
Column Type PLOT DB-1 OV-1701 OV-624 OV-624
Length (m) 50 60 60 60 60
Film Thickness (pm) 10 1 1 1.4 1.4
I.D. (mm ) 0.53 0.32 0.25 0.25 0.25
Detector Type FID FID ECD ECD MS
Detector Tem perature ( X ) 250 250 250 250 250
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Sample Analysis Procedure
Our sample analyses were conducted continuously. Prior to beginning 
sample analysis, there was a "warm-up" period of - 1 2  runs to allow the 
system to equilibrate to the C 0 2 and water present in the samples. This 
increased the measurement precision and reduced the system or detector 
drift. Sample analysis followed a specific procedure and each step was 
precisely timed to ensure a reproducible split and high measurement 
precision. Precise timing allowed the flow to be quantitatively split to the 
different columns with high precision. The sample split into each column was 
primarily determined by the column’s I.D., stationary phase, the oven cooling 
rate, and the amount of time that columns were allowed to sit cold at their 
initial temperatures. Therefore, an exact timing protocol was necessary to 
make the results reproducible. Additionally, precise timing made the retention 
times highly reproducible (± 0 . 0 1  min), making it easier for peak identification 
and chromatogram modifications.
The following procedure was used for sample analysis. The vacuum 
line, excess volume can, and sample line of the canister array were first 
evacuated to the 10'2 torr range using the vacuum line pump. After 
evacuation, the line to the pump was closed and air was transferred from a 
pressurized sample canister to the vacuum line and excess volume can and 
filled to an initial pressure of 800.0 torr. The vacuum line and excess volume 
can were then isolated from the canister array line. With the switching valve in 
the “trap” position, the preconcentration loop was cooled for 2 minutes with 
liquid nitrogen. The dewar of liquid nitrogen on the preconcentration loop was 
topped off after one minute. At 2 minutes, the valve connecting the vacuum
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line to the switching valve and preconcentration loop was then opened. The 
total volume sampled was measured by pressure difference (from 800.0 torr 
to 100.0 torr) using the capacitance manometer. It is necessary to restrict the 
flow (pressure decrease rate ~ 1  torr/second) because at higher flow rates, 
either the loop can become plugged from ice build up or the air can be
throttled, causing oxygen to condense in the preconcentration loop. If the
*
oxygen from a whole air sample were to condense in the preconcentration 
loop, the pressure of oxygen could reach high values in the loop when 
isolated and warmed. If this high pressure sample were injected, it would 
destroy the capillary columns by blasting the stationary phase off of the fused 
silica. This problem can be alleviated by restricting the trapping flow. After the 
sample was trapped in the preconcentration loop, the valve to the vacuum 
line was closed. With the liquid nitrogen still on the preconcentration loop, the 
loop was pumped on for 1 minute to remove most of the remaining nitrogen 
and oxygen. -The loop was then isolated by moving the switching valve from 
the “trap” to “bypass” position [S/Ve, 1998], Hot water (80° C) was placed on 
the sample loop to revolatilize the remaining gases. The four port valve on the 
MS channel was switched to position A to direct the main carrier gas through 
the column connected to the MS detector.
The GCs were programmed to cool down in the same sequence after 
each sample analysis (Table 2.1). During the GC cooling, GC2 and the 
GCMS would reach their initial temperatures prior to GC1, which contained 
.  the Alumina-PLOT column. After GC1 reached its initial temperature and all 
GCs and GCMS sat at their initial temperature for 45 seconds, and the 
sample was injected. The sample was injected by moving the switching valve
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from the “bypass” position to the “inject” position while simultaneously 
engaging the remote start for the GCs, GCMS, and PCs.
In the “inject” position, the helium carrier gas was redirected to flush 
the contents of the sample loop to the splitter box via a 1/16" stainless steel 
transfer line. The sample was split at the splitter box, and a portion of the flow 
was directed to each column for separation and detection. Chromatographic 
traces were plotted in real time using two Micron PCs using CLASS-VP 
software and GCMS solution software for data acquisition and storage.
The four port valve on the MS channel was switched to position B at 2 
minutes after sample injection to direct the secondary carrier gas through the 
column connected to the MS detector. The sample was injected for five 
minutes, and then the switching valve was moved from the “inject” position 
back to the “trap” position. After 10 minutes, the preconcentration loop was 
then flushed with UHP helium (passed through an activated 
charcoal/molecular sieve trap immersed in liquid nitrogen for higher purity) for 
2 minutes and then evacuated to the 1 x 10"2 torr range. The trapping process 
was then repeated.
The time required for one complete cycle of trapping, injecting, and 
chromatographic separation was approximately 33 minutes. Samples were 
run continuously until all analyses from a particular project were complete. 
The gases that can be quantitatively measured using this system are listed in 
Table 2.2.
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propene m-xylene 3-methyH -pentene
propyne n-octane 3-methylpentane








1,1 -dimethy Icyclopropane 1,2,4-trimethylbenzene ethylcyclobutane




2-methyl-1 -butene 3-ethyltoluene trans-3-hexene
2-methyl-2-butene 3-methyls tyrene trans-3-methyl-2-pentene
2-pentyne 4-ethyltoluene trans-4-methyl-2-pentene
3-methyl-1,2-butadiene 4-methylstyrene 1-heptene













3-ethylhexane 2,3-dimethyl-1-butene 1,4-dimethy l-2-ethylbenzene
3-methylheptane 2,3-dimethyl-2-butene 1,4-divinylbenzene
4-methylheptane 2,3-dimethylbutane 1,7,7-trimethyltricycloheptane
cis-1,2-dimethy Icyclohexane 2,4-hexadiene 1-decene
cis-1,3-dimethylcyclohexane 2-ethyl-2-butene 1-methyl-3-n-propylbenzene
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Table 2.2. (continued).
2,4-dimethylstyrene cis-2 -heptene F-114
2,5-dimethylstyrene cis-3-heptene HCFC 142b
a-phellandrene cycloheptane H-1211
a-pinene ethylcyclopentane F-11




camphor trans-2 -heptene CH2CI2
D-3-carene trans-3-heptene CHCI3
d-limonene 1 ,1 -dimethylcyclohexane 1,2-DCE
g-terpinene 2,2,3,3-tetramethylbutane MeCCI3





terpinolene 2,3-dimethylhexane 1,1,2-T richloroethane




2,4-dimethyl-1 - pentene CH3ONO2 CHBr3
2,4-dimethyl-2-pentene C2H5ONO2 CHBr2CI
2,4-dimethylpentane I-C 3H7ONO2 CH2BrCI
2-ethyl-3-methyl-2-butene 2 -C3H7ONO2 CHBrCI2
2-methylhexane 2-C4H90N 02 1,2-Dibromoethane
3,3-dimethyl-1-pentene 2 -C5HHONO2 CH3 I
3,3-dimethylpentane 3 -C5HHONO2 C2H5I
3,4-dimethyl-2-pentene OCS acetaldehyde
3-ethylpentane CS2 Methanol
3-methylhexane HFC 134a Ethanol
4,4-dimethyl-1 -pentene F-12 acetone
4,4-dimethyl-2-pentene HCFC 22 1-propanol
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Thompson Farm Automated GC System
The Thompson Farm automated GC system is designed for dual stage 
trapping using liquid nitrogen such that there are two individual dewars 
containing cold regions -  the first stage is for water management and is 
cooled to -20 °C, while the second stage is used for sample concentration 
and is cooled to -185 °C (Figure 2.4). The first stage cooling unit contains an 
empty 6-in. x 1/8-in. Silonite coated (Entech Instruments, Inc., Simi Valley, 
CA) stainless-steel sample loop while the second stage contains a 6-in. x 1/8- 
in. Silonite coated stainless-steel sample loop filled with glass beads (60/80 
mesh) for sample concentration. From work conducted at Thompson Farm, 
we have determined that -20 °C is adequate for water management during 
the sample trapping procedure, even during extremely high humidity 
episodes. After the loops reach their initial set point temperatures, a 
downstream mass flow controller and pump are used to draw a 1000 cc 
aliquot from the sampling manifold at a rate of 200 cc min'1. After sample 
trapping is complete, 100 cc of UHP helium is passed through both sample 
loops at a rate of 100 cc min*1. After the helium sweep, the glass bead filled 
sample loop is isolated, rapidly heated (~20 sec) to 100 °C, and then injected. 
Helium carrier gas flushes the contents of the loop and the stream is split into 
four, with each sub-stream feeding a separate GC separation column housed 
in a single gas chromatograph. One 50 m x 0.53 mm I.D., 10 pm film 
thickness A l2 0 3 /Na2S0 4  PLOT column, one 60 m x 0.32 mm I.D., 0.5 pm film 
thickness Cyclodex-B column, one 60 m x 0.25 mm I.D., 1 pm film thickness 
OV-1701 column, and one 60 m x 0.25 mm I.D., 1.4 pm film thickness OV- 
624 column are used for trace gas separation. The OV-624 and OV-1701
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columns are plumbed into the ECDs and are used for measuring the 
halocarbons and alkyl- nitrates. The PLOT and Cyclodex-B columns are 
connected to the FIDs and are used for the C2 -C10 NMHC measurements. For 
the standard analysis protocol, a 1000 cc (STP) aliquot from one of two 
working standards was assayed every fifth analysis, thereby quickly drawing 
attention to any drift or malfunction of the analytical system. The 
measurement precision for each of the halocarbons, hydrocarbons and alkyl 
nitrates range from 0.3-15%.
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Figure 2.4. Automatic GC system at Thompson Farm.
Sample Chromatograms
Figures 2.5-2.17 illustrate the chromatograms of selected samples 
collected at YNP, Appledore Island, and Thompson Farm. For YNP, 
chromatograms of two different samples representing both clean and 
polluted air have been put on the same figure and scale with a y-axis 
offset imposed for clarity. Figures 2.5, 2.6, 2.7, and 2.8 show the 
chromatograms from the PLOT FID, Cyclodex-B FID, OV-1701 ECD, and 
OV-624 ECD, respectively. Our ability to measure the low levels in clean 
samples and identify and quantify the large number of gases in a polluted 
sample using our multi-column system is clearly illustrated by the 
chromatograms. There is little variability in halocarbons for both clean and 
polluted samples, suggesting little or no influence on the air mass sampled 
in YNP from urban areas directly upwind during sampling periods (see 
Chapter 3). Figures 2.9-2.12 illustrate chromatograms of two different 
samples collected at Appledore Island during typical and tropical storm 
periods during the summer 2004. Figures 2.9, 2.10, 2.11, and 2.12 show 
the chromatograms from the PLOT FID, DB-1 FID, OV-1701 ECD, and 
OV-624 ECD, respectively. Figures 2.13-2.16 illustrate chromatograms of 
two samples from the Thompson Farm automated GC system. Significant 
enhancements were observed for marine derived halocarbons from the 
sample collected during the hurricane days (Figures 2.11-12 and 2.15-16), 
illustrating our ability to measure these species for a wide range of mixing 
ratios. Figure 2.17 shows the MS chromatogram of a sample collected at 
Appledore Island. Single ion monitoring (SIM) mode was used for the 
analysis. For clarity, only total ion chromatogram (TIC) for each SIM
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window is shown in Figure 2.17, with selected peaks labeled. The 
measurements from the GCMS enable us to measure OVOCs and 
provides duplicate measurements of various halocarbons and NMHCs.
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Figure 2.6. Cyclodex-B FID chromatograms of two samples collected during YNP 2003 campaign. The red 
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Figure 2.7. OV-1701 ECD chromatograms of two samples collected during YNP 2003 campaign. The red 
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Figure 2.8. OV-624 ECD chromatograms of two samples collected during YNP 2003 campaign. The red trace 
is sample 457 (polluted) and the blue trace is sample 110 (clean).
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Figure 2.11. OV-1701 ECD chromatograms of two samples collected during ICARTT 2004 campaign at
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Figure 2.12. OV-624 ECD chromatograms of two samples collected during ICARTT 2004 campaign at
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Figure 2.13. PLOT FID chromatograms of two samples from Thompson Farm GC system. The red trace is
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Figure 2.14. Cyclodex-B FID chromatograms of two samples from Thompson Farm GC system. The red trace
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Figure 2.15. OV-1701 ECD chromatograms of two samples from Thompson Farm GC system. The red trace
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Figure 2.16. OV-624 ECD chromatograms of two samples from Thompson Farm GC system. The red
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Figure 2.17. MS chromatogram of a sample collected during ICARTT 2004 campaign at Appledore Island.
Measurements Precision during Continuous Operation
During all campaigns that our group participated in, the analytical 
systems were run continuously. Continuous operation of the analytical system 
and the redundancy of gases eluting on different columns enable us to 
produce high precision measurements for a large suite of the gases. 
Measurement precisions were estimated from the analysis of the whole air 
standards. Here results from two campaigns (YNP 2003 and DUKE 2004) are 
presented to illustrate the measurement precisions that are representative of 
the system performance. During YNP campaign, the primary working 
standards were two pressurized whole air sample contained in 40 liter 
stainless steel pontoons (Pont#1 and Pont#2). One of these two primary 
working standards was analyzed after every four canisters. During the DUKE 
2004 campaign, Pont#1 and another pressurized whole air standard (CCR28) 
were used as working standards. One of these two primary working standards 
was analyzed after every eight canisters. The standard analysis protocol is 
identical to that used for sample analysis. The primary use of the whole air 
standards was for diagnostics to monitor system and detector drift. The 
standards were used to make any necessary adjustments to the data for 
detector and system drift. The adjustment was done by applying a linear 
least-squares best fit to the standard gas mixing ratio plotted against time or 
run number. The equation representing the fit line was then used to normalize 
the standard mixing ratios for the particular gas and accordingly adjust the 
samples for each particular compound. The resulting time series plots for the 
standards analyzed during YNP 2003 and DUKE 2004 for selected 
compounds are shown in figures 2.18a-e.
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No obvious drift was observed for NMHCs (Figures 2.18a-d) and only 
minor adjustments, if any, were necessary for the standards. This was 
partially because of the robust nature of the FIDs. The mixing ratios of most 
gases in Pont #1 measured during YNP campaign were consistent with those 
during DUKE campaign, indicating the reproducibility of the system (Figures 
2.18a-e). There was more detector drift for the ECDs than for the FIDs. A 
gradual change in ECD response with time has been known to be associated 
with changing make-up gas in addition to the inherent detector drift [S/Ve, 
1998], We did not change the nitrogen make-up gas cylinder for the ECDs 
during the analysis period. The minor detector drift was likely caused by the 
inherent drift of the detector and/or system. For the MS, there was an obvious 
detector drift for most measured gases during the DUKE 2004 campaign. The 
degradation of MS response with time occurred. Major adjustments were 
necessary for the standards. For example, Figure 2.19 shows the results for 
a-pinene from analysis of CCR28 standards, including the peak area and 
mixing ratios before and after normalization. The standard mixing ratios were 
normalized by applying a linear least-squares best fit to the standard gas 
mixing ratios against run number. The standard mixing ratios for a-pinene 
were normalized by using the following equation: Normalized mixing ratio = 
Pre-normalized mixing ratio x (-0.359 x Run# + 561.981) x 422 (the calibrated 
mixing ratio of a-pinene in CCR28).
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Figure 2.18a. The ethane mixing ratios for whole air standards analyzed 
during YNP and DUKE campaigns.
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Figure 2.18c. The n-butane mixing ratios for whole air standards analyzed 
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Figure 2.18d. The n-pentane mixing ratios for whole air standards analyzed 
during YNP and DUKE campaigns.
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Figure 2.19. Peak areas, pre-normalized mixing ratios, and normalized 
mixing ratios of a-pinene from the analysis of standard CCR 28 during DUKE 
2004 campaign.
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The measurement precisions for YNP 2003 and DUKE 2004 are listed 
in Table 2.3a and b and Table 2.4a and b for various gases. For YNP 2003 
campaign, the measurement precision for the C2 -C6  NMHCs from the 
analysis of the Pont#1 standard ranged from 0.9-6.5% while the precision for 
the C7 -C8  NMHCs varied from 4.3-9.3%. For the halocarbons and alkyl 
nitrates, the measurement precision ranged from 2.6-6.8%. The 
measurement precision for the C2 -C6  NMHCs from the analysis of the 
Pont#2 standard ranged from 0.9-20% while the precision for the C7 -C8  
NMHCs varied from 7.5-21.8%. For the halocarbons and alkyl nitrates, the 
measurement precision ranged from 2.4-6.5%. The precision for NMHCs was 
lower from the analysis of Pont#2 than from the analysis of Pont#1. This was 
because of the lower pptv ranges of gases in Pont#2, which were closer to 
the detection limit, reduced the signal to noise ratios, and tended to introduce 
more errors in chromatogram modifications. At the low pptv range, a better 
representation of the precision is the variation of the mixing ratio in pptv. For 
example, in Table 2.3b, the o-xylene mixing ratio was determined to be 
3.3±0.9 pptv. Although the relative standard deviation was 28.1%, the 
variability in the measurement was only 0.9 pptv. Therefore, for the YNP 2003 
campaign, the measurement precision was constrained to -5%  or 5 pptv, 
whichever is larger.
For the DUKE 2004 campaign, the measurement precision for C2 -C6  
NMHCs from the analysis of the Pont#1 standard ranged from 1.4-5.5% while 
the precision for the C7 -C 1 0  NMHCs varied from 3.0-11.5%. For the 
halocarbons and alkyl nitrates, the measurement precision ranged from 2.5- 
15.8%. The measurement precision for the C2 -C6  NMHCs from the analysis
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of the CCR28 standard ranged from 1.8-3.4% while the precision for the Cj-  
C 1 0  NMHCs varied from 19-5.1%. For the halocarbons and alkyl nitrates, the 
measurement precision ranged from 3.4-11%. Results from the DUKE 2004 
and YNP 2003 campaigns illustrate that high precision measurements for a 
large suite of gases can be conducted with continuous operation of our 
analytical system.
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Table 2.3a. Measurement precision for selected gases reported during YNP 
2003 campaign. The measurement precision was determined from the 
working standard PONT#1. SD-standard deviation, RSD-relative standard 
deviation.
Compound Average Mixing Ratio (pptv) SD (pptv) RSD%
ethane 1291.8 11.8 0.9
ethene 233.8 5.0 2.1
propane 813.8 19.0 2.3
propene 84.9 2.9 3.4
i-butane 95.8 3.3 3.4
n-butane 143.4 4.1 2.9
ethyne 395.4 7.9 2.0
1-butene 63.3 2.2 3.4
i-pentane 119.2 4.3 3.6
n-pentane 70.5 2.9 4.1
n-hexane 48.9 1.9 4.0
isoprene 28.5 1.8 6.5
n-heptane 40.4 2.1 5.1
benzene 108.9 4.7 4.3
n-octane 37.1 3.5 9.3
toluene 96.0 4.9 5.1
m-xylene 53.9 2.3 4.3
ethlbenzene 29.3 1.5 5.2
o-xylene 28.6 1.8 6.2
CFC-12 541 14 2.6
CFC-114 15.1 0.6 3.9
H-1211 4.69 0.19 4-1
CFC-113 76.9 2.1 2.8
H-2402 0.362 0.017 4.8
CFC-112 82.2 4.0 4.8
CH2CI2 36.9 1.9 5.1
c 2h c i3 0.407 0.021 5.2
C2CI4 7.34 0.24 3.2
CH2Br2 0.55 0.03 4.8
CHBrCI2 0.16 0.01 4.7
CHBr3 0.42 0.03 6.5
c h 3i 0.195 0.009 4.8
M e0N02 3.66 0.12 3.3
E t0N 02 4.44 0.16 3.6
i-Pr0N02 3.31 0.14 4.1
n-Pr0N02 1.07 0.04 3.8
2-BuON02 1.63 0.08 4.8
3-Pen0N02 0.25 0.01 4.5
2-Pen0N02 0.32 0.02 6.8
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Table 2.3b. Measurement precision for selected gases reported during YNP 
2003 campaign. The measurement precision was determined from the 
working standard PONT#2. SD-standard deviation, RSD-relative standard 
deviation.
Compound Average Mixing Ratio (pptv) SD (pptv) RSD%
ethane 1123.7 10.3 0.9
ethene 39.7 2.3 5.8
propane 381.0 14.2 3.7
propene 7.2 1.4 20.0
i-butane 21.1 2.0 9.4
n-butane 38.4 2.4 6.2
ethyne 252.5 5.3 2.1
i-butene 14.7 1.8 12.2
i-pentane 27.0 2.0 7.5
n-pentane 18.9 1.7 8.8
n-hexane 5.8 0.8 14.3
n-heptane 13.3 1.1 8.2
benzene 72.5 3.5 4.8
n-octane 7.3 1.3 17.3
toluene 31.2 2.4 7.5
m-xylene 4.4 0.9 20.9
ethlbenzene 4.9 0.9 19.4
o-xylene 3.3 0.9 28.1
CFC-12 549 13 2.4
CFC-114 14.8 0.5 3.3
H-1211 4.82 0.18 3.8
CFC-113 77.5 2.1 2.7
H-2402 0.356 0.016 4.4
CFC-112 100.6 4.8 4.8
CH2CI2 24.2 1.1 4.7
c 2h c i3 0.305 0.020 6.5
C2CI4 5.50 0.21 3.9
CH2Br2 0.61 0.03 5.6
CHBrCI2 0.14 0.01 5.5
CHBr3 0.50 0.03 6.0
c h 3i 0.424 0.016 3.7
M e0N02 7.22 0.22 3.0
EtON02 6.48 0.24 3.7
i-Pr0N02 4.76 0.16 3.4
n-PrON02 2.90 0.12 4.1
2-Bu0N02 2.46 0.09 3.7
3-Pen0N02 0.44 0.03 6.7
2-PenON02 0.63 0.04 5.9
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Table 2.4a. Measurement precision for selected gases reported during DUKE 
2004 campaign. The measurement precision was determined from the 
working standard PONT#1. SD-standard deviation, RSD-relative standard 
deviation.
Compound Average Mixing Ratio (pptv) SD (pptv) RSD%
ethane 1269.0 17.2 1.4
ethene 231.2 5.2 2.3
propane 802.3 25.5 3.2
propene 85.8 2.7 3.2
i-butane 97.0 3.1 3.1
n-butane 143.0 4.0 2.8
ethyne 436.1 9.8 2.2
1-butene 60.1 2.1 3.6
i-pentane 103.0 3.5 3.4
n-pentane 65.1 2.6 3.9
n-hexane 57.0 2.4 4.3
isoprene 31.4 1.7 5.5
benzene 123.0 5.2 ■ 4.2
n-heptane 51.0 2.1 4.2
toluene 94.0 2.8 3.0
n-octane 33.0 1.6 4.9
ethylbenzene 27.0 1.5 5.6
o-xylene 44.0 5.0 11.5
n-nonane 37.0 1.6 4.3
n-decane 32.0 1.9 6.0
C2HCI3 0.40 0.04 10.6
1,2-DCE 4.0 0.6 15.8
C2CI4 6.9 0.2 3.4
CH3Br 10.0 0.4 3.8
c h 3i 0.25 0.01 4.5
M e0N02 3.25 0.10 2.9
E t0N 02 3.48 0.12 3.4
i-Pr0N02 2.91 0.08 2.6
n-Pr0N02 0.77 0.02 2.8
2-Bu0N02 1.65 0.08 5.1
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Table 2.4b. Measurement precision for selected gases reported during DUKE 
2004 campaign. The measurement precision was determined from the 
working standard CCR28. SD-standard deviation, RSD-relative standard 
deviation.
Compound Average Mixing Ratio (pptv) SD (pptv) RSD%
ethane 1150.3 20.1 1.8
ethene 268.1 6.1 2.3
propane 1579.8 57.9 3.7
propene 714.3 20.8 2.9
i-butane 558.0 18.6 3.3
n-butane 936.0 30.0 3.2
ethyne 2023.3 50.0 2.5
1-butene 530.9 16.0 3.0
i-pentane 867.3 29.4 3.4
n-pentane 514.5 14.7 2.9
n-hexane 451.0 10.8 2.4
isoprene 739.0 32.6 4.4
benzene 456.0 11.6 2.6
n-heptane 616.0 15.5 2.5
toluene 1128.1 20.9 1.9
n-octane 324.0 8.0 2.5
ethylbenzene 279.0 6.1 2.2
m+p-xylene 1027.1 41.5 4.0
o-xylene 307.0 9.0 2.9
n-nonane 274.0 5.9 2.2
n-decane 258.0 6.1 2.4
a-pinene 422.0 21.5 5.1
b-pinene 308.1 14.5 4.7
1,2-DCE 3.5 0.2 6.5
C2HCI3 0.4 0.0 11.0
C2CI4 5.0 0.2 3.9
CH3Br 9.5 0.4 4.3
c h 3i 0.40 0.02 4.3
MeON02 15.20 0.55 3.6
Et0N02 31.13 1.24 4.0
i-PrON02 12.00 0.43 3.6
n-PrON02 15.20 0.57 3.8
2-Bu0N02 24.20 0.87 3.6
3-Pen0N02 18.80 0.64 3.4
2-PenONQ2 28.50 1.01 3.5
68
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER III
AIR TOXIC EMISSIONS FROM SNOWMOBILES IN YELLOWSTONE
NATIONAL PARK
Introduction
Yellowstone National Park has been designated a mandatory Class I 
Airshed under the federal Clean Air Act (CAA). This requires that the quality 
of air within its boundaries remain in a state such that it does not suffer from 
impairment of visibility. A steady increase in wintertime oversnow recreational 
vehicle use in the Park since the late 1960s has significantly increased 
mobile-source (i.e., snowcoaches and especially snowmobiles) emissions. 
Exhaust from snowmobiles, especially those with 2-stroke engines, contains 
numerous toxic compounds including benzene, toluene, ethylbenzene, 
xylenes (p-, m- and o-xylene), and hexane, which are classified by the 
Environmental Protection Agency (EPA) as toxic air pollutants. Winter use in 
Yellowstone National Park has been the subject of controversy for many 
years. The National Park Service is preparing a long-term plan for managing 
winter recreational use in Yellowstone National Park. The final decision is 
scheduled to be implemented in December 2007. Our research conducted in 
Yellowstone National Park will provide base-line VOC data which can 
ultimately be used by the NPS to assess the effectiveness of management 
decisions concerning oversnow traffic in YNP. Our research group went to 
YNP during February 2002 and 2003 Presidents Day week. Based on
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atmospheric measurements of a large suite of trace gases, spatial variations 
of VOCs associated with snowmobiles in YNP were investigated. Here the 
distribution and spatial variation of air toxics associated with oversnow 
vehicular traffic are presented. The emission rates of benzene, toluene, 
ethylbenzene, xylenes, and hexane from snowmobile use in the Park are 
estimated by using a box model. The results are compared to estimates of 
emissions based on the actual use of snowmobiles and emission 
measurements made during 2003 campaign. By extrapolating these results to 
the US, annual emissions from snowmobile usage are estimated.
Methods
Whole air samples were obtained at a variety of locations to ensure 
complete spatial coverage throughout YNP (Figure3.1). Samples were 
acquired at these sites in the early morning and early afternoon on February 
13 (Wed.) and 16 (Sat.), 2002 and on February 12 (Wed.) and 15 (Sat.), 
2003. These dates and times were chosen to compare the relative impact of 
oversnow vehicle emissions on VOC distributions throughout the day and on 
low and high traffic days. February 13 (Wed.), 2002 and February 12 (Wed.), 
2003 coincide with low-to-moderate traffic days (about 700-950 snowmobile 
entries), while February 16 (Sat.), 2002 and February 15 (Sat.), 2003 (about 
1200-1500 snowmobile entries) were associated with the President’s Day 
weekend, which has historically represented a high visitation period during 
the Park’s winter season [J. Sacklin, personal communication, 2001]. The 
morning sample collection periods began at 5 am prior to the initiation of 
significant oversnow travel. Afternoon sampling began at approximately solar
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noon (i.e., 12:00 pm, Mountain Standard Time) and extended over a 4-5 hour 
period of time during which significant oversnow travel had occurred. In order 
to test the efficiency of the sampling protocol which requires that well-mixed 
samples of air be acquired by field personnel, two separate samples were 
acquired at each sample site, both in an upwind direction of the nearest 
roadway. The first of these samples was taken some 500 m from the road 
(off-road) and the second some 50 m from the road (near-road). Additionally, 
a full set of diurnal (one sample per hour) samples were acquired at the 
remote Lake Ranger Station, located near the center of the Park (Figure 3.1). 
Additional samples were collected in West Yellowstone, Montana on February 
16, 2003 to examine the impact of snowmobile exhaust emissions from the 
heavily traveled West Entrance of YNP (Figure 3.2).
Exhaust samples were taken from representative snowmobiles, 
snowcoachs, and snowcats in order to obtain emission signatures of the 
various engine types. Exhaust samples were collected in canisters placed 
directly in the exhaust streams of oversnow vehicles and filled to ambient 
pressure. A complete list of the oversnow vehicles sampled in our 2003 
campaign is listed in Table 1. The exhaust samples were collected from 
random snowmobiles that, in most cases, had just completed a transit from 
West Yellowstone to Old Faithful. For a portion of the snowmobiles (Table 
3.1), the samples were collected at 3500 RPM, which corresponded to the 
estimated average revolutions per minute (RPM) for each engine during the 
transit. Although engine loading is not accurately simulated in this fashion, 
these samples are useful in determining relative emissions of speciated 
VOCs. Additionally, some samples were also collected from snowmobiles that
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were running idle with the engine still “hot” in order to determine if there was a 
difference in emissions between these conditions. These samples are 
significant and more accurately represent exhaust emissions when visitors in 
YNP pull over/stop to view the scenery and wildlife in the Park without turning 
off their oversnow vehicles. In our study in February 2002, exhaust samples 
were collected from a 2-stroke and a 4-stroke snowmobile in order to 
compare the relative emission ratios of the two different engine types. The 2- 
stroke exhaust sample was collected from a Polaris Trail Touring snowmobile 
equipped with a 550 cc fan-cooled engine while the 4-stroke exhaust sample 
was collected from a Polaris Frontier 4 Stroke snowmobile equipped with a 
780 cc liquid-cooled engine. The exhaust samples were collected immediately 
after completing a 75 minute transit from Old Faithful to West Yellowstone. 
For both snowmobiles, the samples were collected at 5000 RPM.
A total of 96 and 218 whole air samples were collected in YNP in our 
2002 and 2003 campaign, respectively. The canisters were filled to ambient 
pressure and sent to UCI for analysis for CO and CH4  (2003 samples only). 
Within two weeks, the canisters were sent back to UNH for analysis of a full 
suite of nonmethane hydrocarbons (NMHCs), halocarbons and alkyl nitrates 
using the method described in Chapter 2. For exhaust samples, a 0.5 cm3  
(STP) aliquot of each sample was analyzed by direct injection using the 
analytical system described previously. From the chromatographic data 
obtained for these samples, the mixing ratios for 60 different NMHCs were 
determined for each engine type.
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Figure 3.1. Sample sites within Yellowstone National Park.
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Figure 3.2. Sample sites within and around West Yellowstone, MT.
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2001 Polaris 550 fan cooled (Park 
Ranger), idle, hot engine 2-Stroke
2/16/2003
Polaris 550 Fan Cooled Super Sport, idle, 
hot engine 2-Stroke
2/14/2003
1998 Summit X Ski-doo, water cooled, 
3500 RPM 2-Stroke
2/14/2003
2003 Polaris 500 Classic Touring Liquid 
Cooled, 3500 RPM 2-Stroke
2/14/2003
1978 Bombadier snowcoach w/ 350 
Chevy, idle 4-Stroke
2/15/2003
2002 Polaris Fuel Injected 4-stroke; 3500 
RPM 4-Stroke
2/16/2003
Polaris Frontier 4 Stroke Edge 136, idle, 
hot engine 4-Stroke
2/14/2003 Artie Cat 660, sample @ 3500 RPM 4-Stroke
2/16/2003
NPS Ford Power Stroke V - 8  Sno-Van, 
4000 RPM Diesel
2/15/2003 Lake Snowcat, idle Diesel
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Results and Discussions
Exhaust Samples
Exhaust samples were collected from various 2-stroke, 4-stroke and 
diesel engines from oversnow vehicles used throughout the Park in order to 
compare the composition of the exhaust emissions for the three different 
engine types. This type of source “fingerprinting” enables us to assess the 
influence of each engine type on the air mass composition for the ambient 
samples collected throughout the Park. Results from the exhaust sample 
analyses indicate that the vehicles sampled had very different exhaust 
compositions for each of the different engine types. The emission ratios for a 
subset of the NMHCs (ppmv) relative to CO (ppmv) for the 2-stroke, 4-stroke 
and diesel engines are illustrated in Figure 3.3a. Emission ratios relative to 
CO are commonly employed [Blake et ai, 1996; Lobert et ai, 1991], and is 
suitable for this analysis because of the inefficiency of the combustion 
processes associated with internal combustion engines where relatively large 
amounts of CO, CH4 and NMHCs are produced/emitted in reduced chemical 
states. Results from the exhaust sample analyses for our 2002 campaign 
indicate that the two snowmobiles sampled had very similar emission ratios 
for both ethene and ethane (Figure 3.3b). For this comparison, we have 
normalized the emission ratios to ethene since CO measurements were not 
conducted; however, the results do not differ if normalized to ethane.
The average emission ratios relative to CO for the 2-stroke engine are 
significantly larger for all of the reported compounds (Figure 3.3a). Average 
emission ratios were used for this comparison because there were only very 
minor differences in the exhaust composition between samples collected from
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idling engines and the samples collected while the engine was rewed to the 
appropriate RPM. Additionally, the composition of the exhaust sample from 
the Bombadier snowcoach sampled was similar to the 4-stroke snowmobiles 
and is included with the 4-stroke category. The i-pentane and toluene 
emissions dominated the 2 -stroke engine exhaust samples (approximately 2 0  
and 9 times larger than the four-stroke engine, respectively), but relatively 
large amounts of ethene, ethyne, n-butane and n-pentane were also present 
in the 2-stroke exhaust samples (Figure 3.3a). For all three engine types, only 
a small fraction of the exhaust consisted of ethane, propane, propene and i- 
butane. With regard to air toxic emissions (i.e., benzene, toluene, 
ethylbenzene, xylenes, and hexane), Figure 3.3a shows the 2-stroke engine 
emitted significantly larger quantities of these gases than either the 4-stroke 
or diesel engines. Additionally, the relative emission ratios in the exhaust 
samples collected in 2003 are consistent and show effectively the same 
fingerprint as the exhaust samples collected by our research group in 2 0 0 2  
(Figure 3.3b).
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Figure 3.3. Average NMHC exhaust emission ratios a) relative to CO (ppmv/ppmv) for 2-stroke, 4- 
stroke and diesel engines in 2003 and b) relative to ethene (ppmv/ppmv) for 2-stroke and 4-stroke 
engines in 2 0 0 2 .
Distributions of Air Toxics in YNP
The distribution of VOCs observed in YNP during February 2002 and 
2003 provides striking evidence of the influence of anthropogenic emissions 
on the air quality throughout the Park region. Benzene, toluene, 
ethylbenzene, xylenes, and hexane are major components of 2 -stroke 
snowmobile exhaust and show large enhancements between the AM and PM 
sampling periods on each day. The spatial distributions of toluene, ethyne 
and n-pentane, are shown in Figures 3.4a-c, which had the largest increase 
between morning and afternoon sampling periods. Figures 3.4a-c each 
contains two sets of four maps corresponding to the morning and afternoon 
sampling periods for the near-road and off-road samples during the low and 
high traffic days (WED2003 and SAT2003). Because the road from Mammoth 
Hot Springs to Silver Gate is limited to automobiles, the mixing ratios of these 
gases remain essentially unchanged in this region during all sampling 
periods.
Table 3.2 lists the median and mean mixing ratios in pptv, and percent 
difference in median mixing ratios between each sampling period (AM and 
PM) and location (near-road versus off-road) to assess the impact of 
increased snowmobile traffic in the Park. In order to rule out the influence of 
urban emissions on the samples collected in the park, the distribution of C 2 C I 4  
was first evaluated. For all AM, PM and diurnal samples, the mean C 2 C I 4  
mixing ratio and 1o standard deviation were 8.0 ± 0.8 pptv (Table 3.2). The 
standard deviation at this mixing ratio level is dominated by the measurement 
precision of the analytical system for this compound. This indicates that there 
was little or no influence on the air masses sampled in the park from urban
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areas directly upwind and that the enhancements in air toxics observed were 
representative of local emissions. The decrease in concentration of most 
NMHCs, such as ethane, propane, and i-butane, between the AM and PM 
sample collections occurs regularly and is associated with the daytime 
heating of the earth’s surface resulting in an increase in the planetary 
boundary layer height. This indicates that dilution is taking place with clean 
free tropospheric air from aloft mixing down into the boundary layer. Even 
though air mass dilution is occurring, air toxics, such as benzene, toluene, 
ethylbenzene and the xylenes generally show large enhancements between 
the AM and PM sampling periods on each day (Table 3.2). These gases, 
which are major components of 2 -stroke engine exhaust, were too abundant 
to be sufficiently reduced by the dilution and mixing. The observed 
enhancements are a result of the increased snowmobile usage between the 
AM and PM sampling periods. Evaluating the percent difference of the 
median values for the samples collected on each day, the impact of the 
increased number of snowmobiles on the Yellowstone air shed can be 
assessed. Median values are used for comparison rather than mean values 
so that the results are not skewed by a small number of samples with very 
high concentrations. More dilution occurred between the AM and PM 
sampling periods on February 15, 2003 as indicated by the larger decrease of 
many NMHCs. However, air toxics associated with 2-stroke engine exhaust 
generally show enhancements in the percent difference of the median values 
between the low-traffic and high-traffic days. In general, the near-road 
samples also display larger enhancements. Overall, increased snowmobile 
usage resulted in an increase in median values for the reported gases.
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The median mixing ratios of air toxics observed at West Yellowstone 
(Figure 3.2) on February 16, 2003 were much larger than the levels observed 
throughout the rest of the study region on February 12 and 15, 2003 because 
of widespread snowmobile usage during the sampling period. For the two 
ambient samples collected at the West Gate Entrance Station on February 16 
(Sun.), 2003, adjacent to the main office (under the roof enclosure), extremely 
high levels were measured for air toxics associated with snowmobile exhaust 
(Table 3). Although the timescale to fill the 1-liter sample canisters was on the 
order of 1 minute, benzene levels may have approached NIOSH STEL 
regulatory standard (1 ppm) in both the morning and afternoon samples. It is 
likely that the area under the roof enclosure at the West Gate Entrance 
Station experienced elevated mixing ratios because of the sustained traffic at 
the Entrance Gate throughout the day. Additionally, it should be noted that 
Park employees working in this vicinity were likely exposed to significantly 
higher levels of toxic compounds, increasing their risk of possible health 
effects due to increased exposure. From the samples collected throughout 
the Park, the maximum values for the toxic compounds were found on the 
route between the West Gate Entrance and Old Faithful. Mixing ratios for CO 
were in the 2-5 ppmv range and in the ~5-30 ppbv range for benzene, 
toluene, xylenes, ethylbenzene. While these mixing ratios are significantly 
higher than background levels, they are considerably lower than the 
regulatory standards set by OSHA or NIOSH.
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Figure 3.4a. Spatial distributions of Toluene in the morning and afternoon sampling periods for the near­
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Figure 3.4b. Spatial distributions of Ethyne in the morning and afternoon sampling periods for the near­
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Figure 3.4c. Spatial distributions of n-Pentane in the morning and afternoon sampling periods for the
near-road and off-road samples during the low and high traffic days (WED2003 and SAT2003).
Table 3.2a. Mean and median mixing ratios along with the percent difference 
in median values between morning and afternoon sampling times. Values are 
reported for all samples collected at off-road sites, Lake R.S., and near- road 
sites for WED2003 and SAT2003. Units are in pptv.
C o m p o u n d D a t e L o c a t i o n
M e a n M e d i a n
%  D i f f e r e n c e
a m p m a m p m
B e n z e n e
2 / 1 2 / 2 0 0 3 o f f - r o a d & la k e 2 6 0 .1 1 8 5 .1 9 4 . 3 1 0 6 1 1 %
n e a r - r o a d 8 9 8 . 6 2 5 9 1 0 1 .3 1 0 8 6 %
2 / 1 5 / 2 0 0 3 o f f - r o a d & la k e 9 4 .1 2 1 3 . 7 8 3 . 8 8 6 . 4 3 %
n e a r - r o a d 1 5 1 9 . 3 8 7 4 . 4 9 8 . 4 8 5 . 2 - 1 5 %
2 / 1 2 / 2 0 0 3 o f f - r o a d & la k e 3 9 0 .1 3 3 0 .1 8 5 .1 1 1 5 .3 2 6 %
T o l u e n e
n e a r - r o a d 2 6 2 2 . 7 5 9 8 . 9 7 4 . 8 1 3 4 . 9 4 5 %
2 / 1 5 / 2 0 0 3 o f f - r o a d & la k e 1 1 9 . 2 4 1 5 . 9 9 6 . 8 1 3 5 . 6 2 9 %
n e a r - r o a d 4 2 6 9 . 6 2 2 8 3 . 4 1 2 7 .5 1 6 8 .4 2 4 %
2 / 1 2 / 2 0 0 3 o f f - r o a d & la k e 7 7 .1 7 5 . 3 2 3 . 6 2 3 . 3 - 1 %
E t h y l b e n z e n e
n e a r - r o a d 4 2 0 . 6 1 0 2 . 2 1 8 .1 2 8 3 5 %
2 / 1 5 / 2 0 0 3 o f f - r o a d & la k e 4 5 . 8 1 2 4 .3 2 8 . 2 4 3 . 3 3 5 %
n e a r - r o a d 7 0 0 . 6 3 7 4 . 8 2 4 . 6 3 0 . 7 2 0 %
p - X y l e n e
2 / 1 2 / 2 0 0 3 o f f - r o a d & la k e 9 9 . 7 1 0 8 .7 3 6 4 3 . 7 1 8 %
n e a r - r o a d 5 6 8 . 9 1 1 6 . 2 3 3 . 9 2 7 - 2 6 %
2 / 1 5 / 2 0 0 3 o f f - r o a d & la k e 7 4 . 8 1 6 2 .5 4 1 . 2 5 1 . 2 2 0 %
n e a r - r o a d 9 0 5 . 7 4 3 3 . 1 2 8 . 2 4 4 .1 3 6 %
2 / 1 2 / 2 0 0 3 o f f - r o a d & la k e 1 5 3 . 8 1 2 7 .8 2 0 .1 4 4 . 5 5 5 %
m - X y l e n e
n e a r - r o a d 1 0 8 4 . 4 2 5 9 .1 5 4 . 2 6 2 . 9 1 4 %
2 / 1 5 / 2 0 0 3 o f f - r o a d & la k e 3 4 . 2 1 7 9 .1 2 5 4 4 .1 4 3 %
n e a r - r o a d 1 8 4 0 . 2 8 6 2 . 5 6 2 . 5 1 1 6 .3 4 6 %
2 / 1 2 / 2 0 0 3 o f f - r o a d & la k e 7 8 . 3 6 4 . 5 11 1 9 .3 4 3 %
o - X y l e n e
n e a r - r o a d 5 2 4 . 9 1 2 3 .7 1 4 .4 2 7 . 6 4 8 %
2 / 1 5 / 2 0 0 3 o f f - r o a d & la k e 2 5 . 5 9 6 . 6 2 4 . 2 2 4 . 8 2 %
n e a r - r o a d 9 0 4 . 5 4 5 7 . 3 2 7 . 6 5 3 . 2 4 8 %
2 / 1 2 / 2 0 0 3 o f f - r o a d & la k e 1 2 1 .4 7 9 . 6 1 8 .3 2 2 . 9 2 5 %
H e x e n e
n e a r - r o a d 7 8 8 . 2 2 2 9 . 2 2 9 . 2 3 3 .1 1 3 %
2 / 1 5 / 2 0 0 3 o f f - r o a d & la k e 3 4 . 9 1 2 9 .8 2 5 . 9 2 7 . 9 8 %
n e a r - r o a d 1 9 1 5 . 8 6 7 8 . 4 3 0 .1 2 4 . 2 - 2 0 %
C 2C I 4
2 / 1 2 / 2 0 0 3 O f f - r o a d & la k e 8 .1 7 . 7 8 7 .6 - 5 %
n e a r - r o a d 8 .4 8 8 .3 7 .7 - 8 %
2 / 1 5 / 2 0 0 3 o f f - r o a d & la k e 8 .7 7 . 4 8 .6 7 .4 - 1 6 %
n e a r - r o a d 8 .4 7 .5 8 .4 7 . 3 - 1 5 %
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Table 3.2b. Median and mean mixing ratios along with the percent difference 
in median values between morning and afternoon sampling times are 
reported for all samples collected throughout the park on the low traffic day 
(2/13/02) and high traffic day (2/16/02). All mixing ratios are reported in pptv.
Compound Date Median Mean % diff Med Values
am pm am pm
benzene 2/13/2002 181.3 156.1 507.8 420.4 -16%
2/16/2002 147.6 200.5 241 396.4 26%
toluene 2/13/2002 124 149 220 1090 17%
2/16/2002 98 259 277 1205 62%
ethylbenzene 2/13/2002 10.5 16.3 25.7 114.4 36%
2/16/2002 9.7 27.6 28.7 117.3 65%
m-xylene 2/13/2002 25.5 21.3 53.6 302.3 -20%
2/16/2002 28.5 60.8 65.9 324.3 53%
p-xylene 2/13/2002 15 30.9 30.9 171.4 51%
2/16/2002 15.5 44.2 48.8 107.9 65%
o-xylene 2/13/2002 18.4 41.4 34.5 199.6 56%
2/16/2002 18.4 42.6 40.5 185.1 57%
C2CI4 2/13/2002 8.1 8.5 8.4 8.5 4%
2/16/2002 7.4 6.6 7.2 6.7 -12%
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Table 3.3. Mixing ratios of air toxics collected at the West Gate Entrance Station on February 16, 
2003.
Collection Date 2/16/03 2/16/03
West Gate Entrance Station, West Gate EntranceStation, 
Sample Information 10:34 15:44
Compound Mixing Ratio (ppmv) Mixing Ratio (ppmv)
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Correlations of Air Toxics
Figures 3.5a-d show the correlations of benzene, toluene, 
ethylbenzene, m-xylene, p-xylene, and o-xylene in YNP, with the exception of 
the northern part of the Park, during the afternoon sampling periods. The 
aromatic hydrocarbons were strongly correlated, indicating that these gases 
came from the same or similar local sources, presumably oversnow vehicle 
exhaust. Aromatic hydrocarbon ratios are useful for identifying the sources of 
anthropogenic emissions because some sources have known hydrocarbon 
emission ratios. The slopes of toluene vs. benzene and benzene vs. 
ethylbenzene were 2.78 and 2.15, respectively (Figures 3.5a and b), and 
were similar to the slopes observed in traffic samples (2.30 and 2.16 for 
toluene vs. benzene and benzene vs. ethylbenzene, respectively) [Monod et 
ai, 2001]. The slightly higher slope of toluene vs. benzene in the PM samples 
in YNP compared to that for traffic samples in Monod et a i [2001] is the result 
of the high toluene emissions from 2-stroke engines in the Park. The 
toluene/benzene and benzene/ethylbenzene ratios were consistent with the 
ratios observed in 2 -stroke snowmobile exhaust, yielding values of 2.82 and 
2.00, respectively. Additionally, the slope of m-xylene vs. o-xylene and m- 
xylene vs. p-xylene were 1.85 and 1.98, respectively (Figures 3.5c and d), 
and were also similar to the slopes observed in urban and traffic samples 
(1.81-1.91 and 2.23-2.42 for m-xylene vs. o-xylene and m-xylene vs. p- 
xylene, respectively) [Monod et al., 2001], The m-xylene/o-xylene and m- 
xylene/p-xylene ratios were also consistent with the ratios observed in 2 - 
stroke snowmobile exhaust, 1.95 and 1.87 for m-xylene/o-xylene and m-
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xylene/p-xylene, respectively. Therefore, the air mass fingerprints observed 
YNP were consistent with fresh emissions from 2-stroke snowmobile traffic.
89




0 1000 2000 3000 400C 0 500 1000 1500 2000
Benzene (pptv) Ethylbenzene (pptv)
20002000
B  1500 B 1500aa.
10001000
y  =  1 .9 8  x +  1 8 .8 7  
r 2 =  1 .0 0
y  =  1 .8 5  x  + 2 4 .3 8  
r 2  =  1 .0 0
=  1.95 
=  2.04
500
Ratio =  2.31Ratio
200 400 600 800 1000200 400 600 800 1000 00
o-xylene (pptv) p-xylene (pptv)
Figure 3.5. Correlations of benzene, toluene, ethylbenzene, m-xylene, p- 
xylene, and o-xylene during afternoon sampling periods on 2/12/03 and 
2/15/03 (excluding data from the northern part of YNP). Ratios are obtained 
from measurements of exhaust samples collected from 2 -stroke engines and 
4-stroke engines.
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Photochemical Ages of Air Masses Sampled in YNP
Recent and localized influence on air quality in YNP from snowmobile 
emissions can be demonstrated by studying the photochemical age of air 
masses. In this study, two methods, which use alkyl nitrates/parent alkane 
ratios and toluene/benzene ratios, respectively, are used to estimate 
photochemical ages of air masses.
Alkyl nitrates (R 0N 02) are photochemically produced compounds 
resulting from the oxidation of alkanes by OH in the presence of nitrogen 
oxides. As photochemical processing of an air mass occurs and it becomes 
more “aged”, alkyl nitrate mixing ratios will increase [Bertman et ai, 1995; 
Simpson et ai, 2003]. Alkyl nitrates provide information on the photochemical 
history of air mass as well as NMHC-N0 x- 0 3  photochemistry [Bertman et ai, 
1995; Flocke et ai, 1998; Roberts et ai, 1998; Stroud et ai, 2001], This 
information is useful for analyzing the measurements from YNP because it 
can describe the influence of local versus distant pollution sources by giving 
us the relative age of the emissions sampled in the Park. The photochemical 
age of an air mass can be estimated from the position of the R 0N 02/RH ratio 
relative to a predicted photochemical production line. This ratio will increase 
as the air mass ages due to the production of alkyl nitrates from their parent 
hydrocarbons. Together with the air toxics, n-pentane and n-butane are also 
major components of 2-stroke engine exhaust. Therefore, the ratio of 2- 
PenON02  and 3-Pen0N02 to their parent alkane, n-pentane, is plotted 
against the ratio of 2-Bu0N02/n-butane to determine the ages of the air 
masses sampled (Figure 3.6). The ratio of 2-BuON02 to n-butane is used 
because 2-Bu0N02 is typically one of the most abundant alkyl nitrates; n-
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butane is one of the most abundant NMHCs emitted from continental sources, 
and OH oxidation and photolysis are roughly equal destruction processes of 
2 -BUONO2  [Roberts et ai, 1998], The “days” labeled on Figure 3.6 represents 
the amount of time that the ratios have evolved since n-butane and n-pentane 
were first injected into the air mass [Bertman et al., 1995]. The slopes of the 
2-Pen0N02 and 3-Pen0N02/n-pentane ratios are consistent with the slope of 
the predicted line indicating a primarily photochemical source of the pentyl 
nitrates. The results from this method indicate that emissions of these gases 
were relatively recent. The majority of the 2-Pen0N02/n-pentane, and 3- 
PenON02/n-pentane ratios fall at less than 2 days old and slightly below the 
line predicted for pure photochemical production (Figure 3.6). The pentyl 
nitrate/pentane and 2-butyl nitrate/n-butane ratios at West Yellowstone and at 
some of the near-road sites indicate emissions less than 2  hours old and 
suggest a primary source of alkyl nitrates from oversnow vehicle emissions 
(Figure 3.6). Furthermore, the highest alkyl nitrate mixing ratios (maximum 
R 0N 0 2 = 168 pptv) were observed in West Yellowstone, MT on the morning 
of Sunday, February 16, 2003. This was likely caused by the large numbers 
of vehicles, specifically 2 -stroke snowmobiles, present that morning providing 
evidence for a primary source of alkyl nitrates in vehicle exhaust. Additionally, 
R 0N 02/RH ratios from remote west coast sites collected in March 2002 by 
UCI are used for comparison of air mass age to those of the samples 
collected in the Park. The west coast samples indicate that the ages of the* 
air masses sampled were, in general, more than 2 days old (Figure 3.6). The 
most aged point (~ 5 days or greater) for all of the evolution plots in Figure 3.6 
is from the west coast data. This further substantiates that the samples
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collected along the west coast in March 2002 represent significantly 
processed air masses while that the air masses sampled in the Park had 
been augmented by local sources.
In additional to alkyl nitrates/parent alkane ratios, anthropogenic 
NMHC ratios are also an effective method for studying emission transport 
times and source distributions because changes in concentration ratios 
depend primarily on reaction with OH. The variation in NMHC ratios can 
reflect the degree of influence from various sources. If two different 
compounds are emitted from the same source, changes in the ratio can be 
used to describe differences in photochemistry from the different reaction 
rates with OH, while the effects of transport and dilution can be minimized 
[Roberts et ai, 1984 and 1985; Parrish et ai, 1992; Swanson et ai, 2003]. 
Various ratios, including the toluene/benzene, ethylbenzene/benzene, m- 
xylene/benzene, p-xylene/benzene, o-xylene/benzene, and n- 
hexane/benzene, were examined to characterize the relative ages and the 
potential sources of emissions for air masses encountered in YNP (Figure 
3.7). These seven compounds have a wide range of lifetimes; for benzene, 
toluene, ethylbenzene, and the xylenes, the lifetimes were calculated to be 
-40-50, 10, 8 , and 2-4 days, respectively. These ratios were calculated 
relative to benzene because it has the longest lifetime of the compounds 
considered [Roberts etal., 1984],
For samples collected in the Park and West Yellowstone, the highest 
toluene/benzene ratios coincided with the largest toluene mixing ratios 
(Figure 3.7a). This indicates that the freshest emissions contained high levels 
of toluene (> 1 ppbv), and that toluene and benzene came from the same or
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similar local sources. This behavior is consistent with the faster 
photochemical destruction rate of toluene, which causes the toluene/benzene 
ratio to decrease as the air mass ages. Also, a significant amount of the 
lowest toluene/benzene ratios (toluene/benzene < 1 ) corresponded to the 
most aged emissions based on the R 0N 02/RH evolution graphs (2- 
BuON02/n-butane > 0.01) (Figure 3.6). This confirms that both the alkyl 
nitrate evolution and aromatic hydrocarbon ratio methods of examining 
photochemical processing provide comparable results. Additionally, the 
toluene/benzene ratio tends to level off at the largest toluene mixing ratios 
due to the higher emission rate of toluene from 2 -stroke exhaust compared to 
benzene (Figure 3.7a). Analysis of these ratios at West Yellowstone revealed 
that the toluene/benzene ratios were consistently the highest of all locations 
sampled because of the large amount of continuous snowmobile traffic 
generating fresh exhaust emissions.
The ethylbenzene/benzene, m-xylene/benzene, p-xylene/benzene, o- 
xylene/benzene and n-hexane/benzene ratios exhibited similar trends to the 
toluene/benzene ratios, with higher ratios at the largest toluene/benzene ratio 
values (Figures 3.7b-f). These results, although expected, arise from the 
shorter atmospheric lifetimes of ethylbenzene and the xylenes compared to 
those of toluene and benzene. For ethylbenzene and n-hexane, the slopes of 
the correlations from the data are in agreement with those predicted by their 
rate constants with OH. However, the slopes for the xylene correlations are 
smaller than those predicted by reaction with OH. In the case of xylenes, the 
smaller slopes may indicate that the emissions of these compounds are larger 
relative to the other aromatic hydrocarbons along the transport path of the air
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mass. Moreover, hydrocarbon ratios were generally larger at West 
Yellowstone than at sites within the Park, again reflecting that West 
Yellowstone was subject to fresh emissions from large amounts of 
snowmobile traffic.
Based on the above discussion, the photochemical ages of the 
sampled air masses can be estimated by the measured ratio between toluene 
and benzene as in Equation 1 [Roberts et at., 1985]:
. = ------------- '------------- *[ln ([— ^  (1)
[OH](k loluene-khemeJ  [benzene] [benzene]
where t is the photochemical age of the sampled air masses, [OH] is the 
average concentration of hydroxyl radicals, and k to iUe n e  and k b e n z e n e  are the 
temperature-dependent rate coefficients for the reaction of OH with toluene 
(5.91 x 10- 1 2  x e <0 705/RT) cm3 molecule' 1 s '1, T in K) and benzene (1.24 x 
10“ 12 e (-°411/RT) cm3 molecule' 1 s '1), respectively [Atkinson, 2003]. The 
emission ratio of toluene to benzene (2 .8 ) was derived from the exhaust 
sample data from the 2003 campaign. Hydroxyl radical concentration [OH] is 
very dependant on factors, such as the dew point, water vapor, and albedo. 
The 24-hour averaged concentration of OH is estimated to be 7 x 1 0 5  
molecules cm' 3 in this study [J. Crawford, Personal Communication, 2005], 
The photochemical air mass ages were calculated for all samples 
using Equation 1. In general, the air samples collected in the Park had 
“younger” air mass ages during the PM sampling (51 ±46 hour) than during 
the AM period (76±44 hour), indicating fresh influences from snowmobile 
emissions during the afternoon. The high traffic day (February 15, 2003)
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revealed “younger” air mass ages, 56±30 hours in the AM and 41 ±43 in the 
PM, than the low traffic day (96±46 hours in the AM and 62±48 hours in the 
PM), signifying even larger exhaust emissions resulting from the higher 
snowmobile traffic of February 15. At the diurnal sampling site, air mass were 
estimated to be slightly more aged (78±38 hours for the AM and 70±45 hours 
for the PM) than those at other sites because of its relative remote location 
and less influence from direct snowmobile traffic.
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Figure 3.6. Time evolution of alkyl nitrate/parent alkane ratios (a) 2- 
PenONCVn-pentane, (b) 3 -PenON0 2 /n-pentane.
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Figure 3.7. Correlations of toluene/benzene vs. toluene (a), and ethylbenzene/benzene (b), p-xylene/benzene (c), 
m-xylene/benzene (d), o-xylene/benzene (e), n-hexane/benzene (f) vs. toluene/benzene in the park (blue) and the 
West Yellowstone (red). The dashed line is the predicted slopes based on the rate constants of reactions of these 
compounds with OH.
Air Toxic Emission Fluxes from Snowmobiles in YNP
Air toxics monitored at the Lake Ranger Station diurnal sampling site 
showed increasing mixing ratios over the afternoon period from local noon to 
4 pm on February 15, 2003 (Figure 3.8). The increase in mixing ratios 
correlates with increasing CO, a marker of fuel combustion, indicating these 
gases were emitted from the same/simmilar source. Employing the use of a 
simple box model, the daily flux of the toxics was calculated for this region 
and the annual flux from snowmobile use in YNP is estimated. The flux of 
compound x (Fx, Gg y f1) is estimated by using i) the final mixing ratio of the 
compound at the end of the sampling period (Ci, ppbv or pptv), ii) the initial 
mixing ratio at the beginning of the sampling period (C0, ppbv or pptv), iii) the 
boundary layer height , iv) the air pressure (p, atm), and v) the ambient air 
temperature (T, K).
To estimate the emission fluxes in this study, the difference in mixing 
ratio between the noon and 4 pm samples were used. During this time period, 
heavy snowmobile traffic was present throughout the Park, leading to the 
observed mixing ratio enhancements of the air toxics. Using the average wind 
speed of 1.4 m/s measured during the noon to 4 pm period 
(http://www.ncdc.noaa.gov/oa/climate/stationlocator.html), the enhancements 
in the observed mixing ratios primarily reflects local emissions. Furthermore, 
as shown earlier, the evaluation of the distribution of C 2 C I 4  indicates that there 
was little or no influence on the air masses sampled in the Park from urban 
areas directly upwind. Additionally, the anthropogenic emissions in the 
communities of Cooke City and Silver Gate, MT, appear to have minimal 
impact on air quality in the Park owing to the prevailing westerly winds over
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the study area. Emissions from West Yellowstone, MT likely contribute to the 
high mixing ratios of air toxics at the West Entrance Station and the area just 
downwind of the West Entrance Gate. Although high mixing ratios of air toxics 
were observed within West Yellowstone and in its downwind area, mixing 
ratios for other samples collected around the community were generally 
comparable to levels in the Park. In order to address the large scale impact of 
the snowmobile emissions, our flux calculations are based on the 
measurements from the Lake Ranger Station because of its interior and 
remote location within the Park.
The upper air soundings are presented as graphs (Figure 3.8) of 
potential temperature (PT) versus height above ground level in meters (m 
AGL). Based on the vertical profile of PT the boundary layer height is 
estimated to be about 1000 m during noon to 4 pm, February 15, 2003. The 
emission flux estimates for benzene, toluene, ethyl benzene, xylenes, and 
hexane were 5.82, 18.63, 4.06, 24.12, and 6.02 ton/day, respectively. In our 
calculation, we assume that the variations of air toxics observed at Lake 
Ranger Station represented the average situation. Diurnal observations at 
additional sites in YNP would be helpful for emission flux estimates. The 
emission flux estimates represented the emission rates during high traffic 
days (approximately 1200 snowmobiles). Statistics of snowmobile use from 
YNP indicate that approximately 600 machines are run in the park per day. 
Emission fluxes are estimated to be 0.35, 1.12, 0.24, 1.45, and 0.36 Gg/yr for 
benzene, toluene, ethyl benzene, xylenes, and hexane.
The results derived from the box model are compared to estimates of 
emissions based on the actual use of snowmobiles and the emission
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measurements made during 2003 campaign. Exhaust samples were collected 
from various 2-stroke, 4-stroke and diesel engines in oversnow vehicles used 
throughout the Park. For 2-stroke engines, average mixing ratios in the 
exhaust were measured to be 266, 753, 140, 591, and 240 ppm for benzene, 
toluene, ethylbenzene, xylenes, and hexane, repectively. The mixing ratios in 
the exhaust from the 4-stroke engines were determined to be 8 , 17, 3, 14, 
and 3 ppm for benzene, toluene, ethylbenzene, xylenes, and hexane, 
respectively. Emission measurements from a variety of snowmobiles in YNP 
during the 2003 campaign were averaged to determine the concentration in 
the exhaust (table 4). Statistics of snowmobile use from YNP indicate that 
over the 1 2 0  day snowmobile season, approximately 600 machines are run in 
the park per day. 600 machines (80% 2-stroke, 20% 4-stroke) running 
approximately 8  hours per day at 30 miles per hour yields flux estimates of 
0.23, 0.77, 0.17, 0.70, and 0.23 Gg/yr for benzene, toluene, ethyl benzene, 
xylenes, and hexane. These estimates are comparable to the flux estimates 
made by using the box model. The large amount of air toxics emitted by the 
2 -stroke snowmobile exhaust, which have longer winter photochemical 
lifetimes, may also lead to ozone production or particle formation in area 
downwind of YNP, possibly impacting regional air quality.
According to the Snowmobile Organization of America 
(www.snowmbile.org), 1,652,754 snowmobiles were registered in the United 
States in 2002. We use this number in our estimates. However, it should be 
noted that there might be an underestimate of the number of snowmobiles. 
For example, in Montana, there was an underestimate by 65% of the number 
of snowmobiles due to unregistered ones. The average snowmobile is run
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over 990 miles per year. If the average speed of a snowmobile equals 30 
miles per hour (conservative), we can calculate emissions based on exhaust 
rates of 2 and 4 stroke motors and the emission measurements made during 
this field campaign. Extrapolating this to use of snowmobiles in the US per 
year, this as of yet unidentified source appears to be significant (-14-21%) 
with respect to EPA estimates of annual emissions of these air toxics (Table 
3.5). This study suggests that reducing or holding overall levels of 
snowmobile usage steady, a reduction in the amount of 2 -stroke snowmobile 
traffic will likely reduce the air toxics emissions in the US.
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Figure 3.8. Mixing ratios of air toxics and CO at the Lake Ranger Station diurnal 
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Table 3.4. Emission fluxes of toxics from snowmobiles by using Box Modeland and by Snowmobile usage 
in Yellowstone (Gg yr'1).
benzene toluene ethylbenzene xylenes n-hexane
Emission flux by 
using Box Model 0.35 1.12 0.24 1.45 0.36
Emission flux by 
Snowmobile usage 
Yellowstone













Table 3.5. Emission estimates of air toxics by snowmobile usage in US and EPA estimates of annual 
emissions by non-road vehicles for 1999 (Tg/yr'1).
benzene toluene ethylbenzene xylenes n-hexane
EPA (2002) 0.32 0.9 0.14 0.65 0.22
Snowmobile US 2002 0.04 0.15 0.03 0.13 0.04
% US emissions 13 17 21 21 20
Conclusion
A steady increase in wintertime oversnow recreational vehicle use in 
the Yellowstone National Park has significantly increased mobile-source 
(especially 2-stroke snowmobiles) emissions since the late 1960s. Vehicle 
exhaust from snowmobiles with 2 -stroke engines contain numerous toxic 
compounds, such as hexane, benzene, toluene, ethylbenzene, and the 
xylenes (p-, m- and o-xylene). The National Park Service is currently engaged 
in the monitoring of winter air quality in Yellowstone National Park, including 
toxic air pollutants that have various environmental and health impacts. For 
this work, we present the results of spatial investigations of emissions 
associated with oversnow travel in Yellowstone National Park during the 
periods February 12-16, 2002 and February 12-16, 2003. Whole air samples 
and exhaust samples were analyzed by gas chromatography with flame 
ionization and electron capture detection in order to determine the mixing 
ratios of 85 volatile organic compounds in addition to carbon monoxide and 
methane. The findings indicate that 2-stroke snowmobile engine emissions in 
both the Park and West Yellowstone appear to contribute large quantities of 
air toxics to the Park air shed. Air toxics, such as benzene, toluene, 
ethylbenzene, xylenes, and hexane, which are major components of 2 -stroke 
engine exhaust, show large enhancements between the high traffic and low 
traffic sampling periods and on subsequent days. The observed 
enhancements are a direct result of the increased snowmobile use between 
these two periods. Evaluation of the photochemical history of air masses 
sampled in the park reveals that emissions of these air toxics were i) recent, 
ii) persistent throughout the region and iii) are consistent with the 2 -stroke
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exhaust sample fingerprints. Using a simple box model, the annual fluxes of 
these gases from snowmobile usage in the Park are estimated to be 0.35, 
1.12, 0.24, 1.45, and 0.36 Gg/yr for benzene, toluene, ethyl benzene, 
xylenes, and hexane, respectively. The results derived from the box model 
are comparable to estimates of emissions based on actual snowmobile usage 
and the emission measurements made during 2003 campaign. These results 
yielded flux estimates of 0.23, 0.77, 0.17, and 0.70 Gg/yr for benzene, 
toluene, ethyl benzene, and xylenes. By extrapolating these results to the US, 
annual emissions from snowmobile usage appear to be significant (~14-21%) 
with respect to EPA estimates air toxics by non-road vehicles.
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CHAPTER IV
SHORT-LIVED HALOCARBON MEASUREMENTS DURING NEAQS 2002 
AND GREAT BAY EMISSION STUDY PROGRAM
Introduction
The short-lived halocarbons bromoform (CHBr3), dibromomethane 
(CH2 Br2), methyl iodide (CH3 I) and ethyl iodide (C2 H5 I) have been shown to 
be sources of the halogen oxide radicals BrO and 10 to the atmosphere. 
These radicals influence tropospheric oxidation processes in various regions 
[Barrie et at., 1988; Bottenheim et ai, 2002; Allan et al., 2000; Carpenter and 
Liss, 2000], Short live halocarbons contribute to ozone depletion [Solomon et 
al., 1994; Davis et al., 1996; Dvortsov et al., 1999; Schauffler et al., 1999; 
Montzka et al., 2003] and particle formation. In addition, short-lived marine 
halocarbons have been frequently used as tracers to investigate the marine 
influence on air masses [e.g., Atlas et al., 1992; Blake et al., 1996a; Blake et 
al., 1999]. Measurements of these marine tracers are important for improving 
our understanding of the atmospheric processes that control the production 
and distribution of air pollutants along coastal marine regions. The New 
England Air Quality Study (NEAQS) (available at 
http://www.al.noaa.gov/NEAQS/) took place in summer 2002 and was 
initiated jointly by AIRMAP, a UNH air quality and climate program, and by 
NOAA. A primary goal of NEAQS was to improve our understanding of the 
atmospheric processes that control the production and distribution of air 
pollutants in the New England region. Information on the distribution of short-
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lived marine halocarbons will help to elucidate processes related to the 
marine influence in this region. Here we present ambient concentrations of 
the marine derived halocarbons CHBr3 and CH2 Br2 , and the anthropogenic 
halocarbons C2 CI4  and C2 HCI3 measured from January-March and June- 
August 2002 at Thompson Farm (TF) in the seacoast region of New 
Hampshire. Also presented are measurements of CHBr3, CH2 Br2, C2CI4 , CH3 I 
and C2 H5I from 18-19 August 2003 at TF and five other locations throughout 
the local Great Bay estuarine area. Emission fluxes of marine-derived 
halocarbons were estimated from these measurements. For CHBr3 , the 
results of the Great Bay study are compared with sea-to-air fluxes determined 
from air and surface seawater measurements made onboard the NOAA ship 
Ronald H. Brown as part of the NEAQS campaign. Finally, the potential 
anthropogenic source strength of CHBr3 discharged into local water bodies 
from power plants and water treatment facilities was assessed.
Methods
The University of New Hampshire Observing Station at Thompson 
Farm (TF) (43.11°N, 70.95°W, elevation 24 m) is located in the southern, rural 
area of Durham, New Hampshire (Figure 4.1). TF is 24 km from the Gulf of 
Maine and 5 km northwest of Great Bay, New Hampshire, and is located on 
an active com farm surrounded by a mixed forest. Air is drawn down a PFA 
Teflon lined manifold from the top of a 12 m tower. A subsample of this air is 
directed to our automated gas chromatographic (GC) system equipped with 
two flame ionization detectors (FIDs) and two electron capture detectors 
(ECDs) for the analysis of hydrocarbons, halocarbons, and alkyl nitrates (see
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Chapter 2). The data record used in this paper covers the time periods from 
11 January to 5 March 2002 and 1 June to 31 August 2002. There are gaps in 
data collection from 1-25 July and 29 July to 3 August because of instrument 
problems.
Additionally, TF was also used as one of the sites in our study of the 
marine influence on air quality during 18-19 August 2003 at the Great Bay 
estuary. The other sites in this study included Sandy Point Discovery Center, 
Stratham (43.05°N, 70.90°W), Wagon Hill, Durham (43.13°N, 70.87°W), Fort 
Constitution, Newcastle (43.07°N, 70.71 °W), Downtown Boat Launch, Exeter 
(42.98°N, 70.95°W), and Pease Weather Station, Portsmouth (43.08°N, 
70.82°W). The first three sites are located on the shores of Great Bay, while 
the others are 3.2-8.0 km inland from the coast. Great Bay, a 21.4 km2  
estuary, is located 16 km inland from the coast of New Hampshire and the 
Maine border and is a mesotidal estuary with the average tidal range varying 
from 2 to 2.5 m. Throughout most of the year, the tidal component of the 
estuary dominates over the freshwater influence (see 
http://www.nerrs.noaa.gov/GreatBay/). Measurements of C2-C i0 NMHCs, Ci- 
C2 halocarbons and C 1 - C 5  alkyl-nitrates were made from canister samples 
collected around Great Bay. Individual canister samples were collected at 
each site every hour from 6  P.M. on 18 August to 7 P.M. on 19 August 2003. 
The samples were returned to our laboratory at the University of New 
Hampshire for analysis by gas chromatography using FID and ECD in 
conjunction with mass spectrometry.
As part of the NEAQS-2002 campaign, we deployed an automated GC 
system for hydrocarbon, halocarbon and alkyl nitrate measurements aboard
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the NOAA ship Ronald H. Brown. Trace gases were sampled simultaneously 
from ambient air and equilibrator head space above fresh surface seawater to 
determine the concentration of dissolved gases. Ambient air was drawn from 
an inlet situated at the crow's nest of the bow mast, which was located 
approximately 15 m above the average waterline. The air was drawn through 
1/4-inch stainless steel tubing by a diaphragm pump operating at a rate of 15 
L min-1  with a back pressure of 1.5 atmospheres. The air traveled a distance 
of ~80 m from the sample inlet to the laboratory located near the stern of the 
Ronald H. Brown. A portion of the airflow (200 cm3 min-1) was drawn by the 
concentrator system for five minutes and a 1 0 0 0  cm3 sample was 
cryogenically trapped before injection. The ship's crew took measures to 
ensure that the bow was pointed into the wind, and thereby avoided most 
contamination from the ship's exhaust. Water from the ship's uncontaminated 
seawater system flowed to the equilibrator at 4 L min-1. Air was drawn from 
the equilibrator at 2 0 0  cm3 min-1  by the concentrator system for concentration 
of the stripped gases from the surface seawater. Make-up dfas for the 
equilibrator was provided by a zero air cylinder with a flow rate of 300 cm3 
min-1, with the excess air vented to the lab. The equilibrator used during the 
NEAQS cruise was a smaller version of the original Weiss design. After the 
sample was concentrated, it was injected and the carrier stream was split and 
sent to two independent Shimadzu GC-17A gas chromatographs. One GC 
contained a 60 m x 0.25 mm I.D, 1.4 pm film thickness OV-624 capillary 
column, which was coupled to an ECD and used to separate and quantify 
various halocarbons and alkyl nitrates. The second GC contained a 50 m *  
0.53 mm I.D., 10 pm film thickness CP-Al2 0 3 /Na2S0 4  PLOT column coupled
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to an FID for the separation and quantification of the C2-C 6 NMHCs. 
Analytical accuracy of the assayed compounds ranged from 2-20%. The 
shipboard data for CHBr3, CH3I, C2CI4  and isoprene were obtained from 30 
July to 7 August 2002 and covered the geographic region extending from the 
New Hampshire seacoast south to Boston Harbor.
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Figure 4.1. Locations of the AIRMAP monitoring stations, a University of New 
Hampshire air quality and climate program.
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Results and Discussions 
Seasonal Distributions
High concentrations of short-lived halocarbons were frequently 
observed in air masses at TF. Figure 4.2 shows distributions of CHBr3 and 
CH2 Br2) measured at TF from 11 January to 5 March 2002 (Figure 4.2a) and 
1 June to 31 August 2002 (Figure 4.2b). Previously published data for these 
species and results from this work are listed in Tables 1.2 and 4.1, 
respectively. From 11 January to 5 March 2002, the mixing ratios of CHBr3  
and CH2 Br2 ranged 1.4-8.4 pptv (mean = 2.6 pptv; RSD = 30%) and 1.2-2.4 
pptv (mean = 1.6 pptv; RSD = 12%), respectively. Ambient concentrations of 
CHBr3 and CH2 Br2 from 1 June to 31 August 2002, ranged from 0.6-37.9 pptv 
(mean = 5.9 pptv; RSD = 99%) and 0.4-4.2 pptv (mean = 1.4 pptv; RSD = 
40%), respectively. These values are comparable with previously reported 
results from coastal regions between 40°-60°N [e.g., Carpenter et al., 2003; 
Quack and Wallace, 2003] (Table 1.2). During both the winter and summer 
months of 2002, CHBr3 and CH2 Br2 were well correlated, most likely reflecting 
their similar marine sources as observed in previous studies [Carpenter and 
Liss, 2000; Carpenter et al., 2003], The variability observed in their mixing 
ratios during summer was likely a result of several factors, including 
increased marine production rates, increased sunlight and surface water 
temperatures [Carpenter et al., 2003], greater variability in their emissions 
from Great Bay, and a faster removal rate from the atmosphere. In both 
seasons, much greater relative standard deviations were documented for 
CHBr3 compared to CH2 Br2, which is consistent with its higher reactivity in the 
atmosphere. In addition, the background (minimum) concentrations of both
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gases were lower in summer than in winter because of enhanced 
summertime photodecomposition rates and removal by OH.
The anthropogenic halocarbons C2CI4 and C2HCI3 were measured for 
comparison to marine halocarbons. The halocarbon mixing ratios during June 
2002 and 25 July to 31 August 2002 are shown in Figure 4.3a and b, 
respectively. Ambient mixing ratios of C2CI4 and C2HCI3 during June to 
August at Thompson Farm were 4.3-91.9 pptv (mean = 17 pptv, RSD = 79%) 
and 0.1-41.7 pptv (mean = 3.3 pptv, RSD = 112%), respectively. These 
values are slightly higher than ones reported previously for nonurban coastal 
regions (Table 1.2), suggesting a moderate urban/industrial influence in the 
eastern New Hampshire region. Measurements of C2HCI3 show larger 
variability in its mixing ratios compared to C2CI4, which is consistent with its 
higher reactivity with OH radicals. Additionally, higher OH concentrations 
during the summer lead to lower average background mixing ratios of C2CI4 
observed at TF (see Table 4.1). Figure 4.3 also shows that C2HCI3 and C2CI4 
tracked each other well throughout the period indicating that they share a 
similar anthropogenic source. In contrast, CHBr3 and CH2Br2 were generally 
not correlated with either of C2HCI3 or C2CI4, indicating that enhancements 
observed regularly at TF, particularly for CHBr3, are probably not related to 
inputs from anthropogenic sources. Although no general correlation existed, 
we note that coincident enhancements of CHBr3 and the urban tracers were 
observed on certain occasions such as 13 June, from 4 P.M. to midnight 
(local time). At this time winds were from SE (Figure 4.4), suggesting that 
urban tracers and marine tracers were potentially transported to TF from the 
Boston coastal metropolitan area.
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Figure 4.2. CHBr3 and CH2 Br2 distributions at Thompson Farm for (a) 11 January to 5 March 























.Table 4.1. Halocarbons measured at Thompson Farm in Durham, New Hampshire.
Compounds Mean Median Min Max RStDev % N
CHBr3 2 . 6
January
2.4
-  March 2002 
1.4 8.4 30 797
CH3 Br2 1 . 6 1.5 1 . 2 2.4 1 2 796
C2CI4 24 17.8 7.2 147.3 73 788




August 2 0 0 2  
0 . 6 37.9 99 810
CH2 Br2 1.4 1 . 2 0.4 4.2 40 788
C2CI4 17 1 1 . 2 4.3 91.9 79 786
c 2 hci3 3.3 2 . 1 0 . 1 41.7 1 1 2 789
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Figure 4.3. Mixing ratios of halocarbons at Thompson Farm: (a) June and (b) 


















Figure 4.4 shows the relationship between wind direction and CHBr3 
mixing ratios at TF from 1 June to 31 August 2002. During 1-4 and 9-10  
June and 15-18 August, when westerly winds prevailed, there was no diurnal 
variation in CHBr3 and its atmospheric mixing ratios were consistently low. 
The average CHBr3 mixing ratios during these three periods were 1.1 (±0.5) 
pptv, 1.2 (±0.6) pptv, and 2.5 (±0.9) pptv respectively, which are much lower 
than the mean mixing ratio of 5.9 pptv during the entire sampling period. If we 
only include data from time periods when wind speeds were larger than 0.5 m 
s~1, it is evident that transport of CHBr3 was primarily from the SE (90°-180°) 
and NE (0°-90°) (Figure 4.5), and that the highest mixing ratios were 
associated with wind speeds >2 m s“1. These results suggest that elevated 
mixing ratios of CHBr3 occurred during periods when winds were from the SE 
and NE sectors, two source regions having estuarine and coastal marine 
influences.
Figure 4.6 shows the mean mixing ratios of CHBr3 and CH2 Br2 (Figure 
6 a) and C2CI4, C2 HCI3, and 0 3 (Figure 6 b) measured in air masses arriving 
from the four primary wind sectors (all data included). For CHBr3, air masses 
arriving from the NE and SE sectors had mean CHBr3 mixing ratios of 8.2 and 
8.4 pptv, respectively, while air masses from the SW and NW were 4.7 pptv 
and 3.8 pptv, respectively. For CH2 Br2, mean mixing ratios for the NE and SE 
sectors had higher mixing ratios (1.6 and 1.5 pptv, respectively) than those 
from SW and NW sectors (1.3 and 1.1 pptv, respectively). In all cases, air 
masses from the NE and SE had higher levels of CHBr3 and CH2 Br2 (by 
about 50-140% and 15-35%, respectively) than those from the SW and NW
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sectors, indicative of a coastal marine influence. The marginal difference in 
the mean CH2 Br2 concentrations between the different wind sectors probably 
reflects the longer atmospheric lifetime of CH2 Br2. The CH2 Br2/CHBr3  ratio 
was ~0.14 for the 0°-180° wind sector, which is in agreement with the ratio of 
0.15 for fresh coastal marine emissions reported by Carpenter et al. [2003].
Mixing ratios of the urban tracers C2CI4  and C2 HCl3 were higher in the 
SW sector (~26-150% and 10-80%, respectively) than those arriving in air 
masses from other wind sectors. These results reflect the urbanization in the 
SW region (i.e., the northeastern urban corridor of the U.S.) compared with 
the other sectors and correlate well with the higher average 0 3 mixing ratios 
from this sector [Mao and Talbot, 2004], The lowest average concentrations 
of C2CI4 and C2 HCI3 correspond to the NE and NW sectors, reflecting 
transport of cleaner air masses to the study area [Moody et al., 1998]. 
Although air masses originating from the SE demonstrate the chemical 
characteristics of a coastal marine influence, they also exhibited a higher 
average concentration of 0 3  compared to air masses from the NW and NE 
sectors, as well as the second highest mixing ratios of C2CI4  and C2 HCI3. 
Possible explanations for this chemical signature include inputs from the 
Boston urban area and transport of polluted air from the Mid-Atlantic States 
out over the Atlantic and then wrapping backward to make landfall in eastern 
New England under influence from the subtropical high [Mao and Talbot,
2004],
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Figure 4.5. Wind rose of CHBr3 from June to August 2002 for wind speeds 
>0.5 m s_1.
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Figure 4.6. Mean mixing ratios of (a) CHBr3 and CH2 Br2 and (b) C2CI4, 
C2 HCI3, and 0 3 from June to August 2002.
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Marine Influence and Great Bay Emission Estimates
An intensive study was conducted to determine the factors that 
influence the emission pattern and rate of short-lived halocarbons in the New 
Hampshire seacoast area. The sampling locations around the Great Bay 
estuary, New Hampshire (Figure 4.7), were divided into an inland site group 
(less coastal influence) and a near-coast group (more estuarine and marine 
influence). Concentration gradients existed for marine tracers from the coastal 
to inland regions (Table 4.2). At the coastal sites, the average mixing ratios of 
CHBr3 and CH2 Br2 were 8 . 8  and 1.9 pptv, respectively. The average mixing 
ratios of these two gases were much lower at the inland sites (4.9 and 1.3 
pptv for CHBr3 and CH2 Br2, respectively). Slightly higher mixing ratios of CH3 I 
were also observed at the coastal sites (average 1.43 pptv) in contrast to the 
sites inland (average 1.25 pptv). The mean mixing ratios at the near-coast 
sites were approximately 82%, 46%, 14%, and 17% higher than at the inland 
sites for CHBr3, CH2 Br2, CH3 I, and C2 H5 I, respectively. These results provide 
evidence for the influence of marine emissions from Great Bay on the 
atmospheric composition at sites near the coast. Mixing ratios of CH3I and 
C2 H5 I were well correlated in a manner similar to CHBr3 with CH2 Br2 (Figure 
4.8), a trend generally observed at TF. This result confirms that there are 
local colocated marine sources for CH3I and C2 H5 I. The slopes of the 
regression lines for C2 H5 I/CH3 I and CH2 Br2/CHBr3 were 0.034 and 0 .1 2 , 
respectively (Figure 4.8). Although the observed mixing ratios were higher at 
the near-coast sites, the respective compound ratios were similar at both 
locations, demonstrating the pervasiveness of the marine influence 
throughout the region.
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Figure 4.7. Sampling sites at Great Bay, New Hampshire on 18-19 August 
2003.
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Table 4.2. Statistics for halocarbons (pptv) on August 18-19, 2003 at Great Bay, NH
Compounds Mean Median Min Max StDev N
CHBr3 4.9 4.7
Inland Sites 
0.7 16 3.9 78
CH2 Br2 1.3 1.4 0 . 6 2.5 0.5 78
c h 3i 1.25 1 . 2 0.34 2.97 0 . 6 8 78
c 2 h5i 0.06 0.06 0 . 0 2 0.13 0.03 78
o
CM
o 25.9 17.1 5.18 98.6 2 1 . 6 78
CHBr3 8 . 8 8 . 1
Near Coast Sites 
0.9 26.4 6 78
CH2 Br2 1.9 1 . 8 0 . 8 3.9 0 . 8 78
CH3I 1.43 1.41 0.44 3.1 0 . 6 6 78
c 2 h5i 0.07 0.07 0 . 0 2 0 . 1 2 0 . 0 2 78
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Figure 4.8. Correlations of (a) CHBr3/CH2 Br2 and (b) CH3 I/C2 H5 I at Great Bay, New Hampshire on 18-19 
August 2003.
Relationship between Atmospheric Abundance and Tidal Cycle
A tidal influence on the atmospheric mixing ratios of marine 
halocarbons in intertidal regions has been reported recently. Carpenter et al. 
[1999, 2001] suggested a link between the tidal cycle and marine influence of 
alkyl iodides and bromides at Mace Head, Ireland. Elevated mixing ratios of 
these gases were observed at low-tide periods, most likely because of higher 
emission rates when seaweed beds are exposed to the atmosphere. In 
contrast to Mace Head, short-lived halocarbon concentrations around Great 
Bay were observed to be highest following high tide, especially when it 
occurred during nighttime. Interpretation of the tidal influence on atmospheric 
mixing ratios can be complicated by factors such as the diurnal cycle of 
atmospheric boundary layer height and wind speed and direction. 
Nonetheless, the study conducted around Great Bay on 18-19 August 2003 
appears to provide evidence that CHBr3 and CH2 Br2, and to a lesser extent 
CH3I and C2 H5I mixing ratios at the six sampling locations (Figure 4.7) are 
influenced by the tidal cycle. However, instead of reaching their highest 
mixing ratios at low tide, average values over inland and near coast sites 
peaked 2 -3  hours after the nighttime high tide occurred (Figures 4.9a-d). 
This phenomenon was most evident for CHBr3 and CH2 Br2, which had the 
largest mixing ratio enhancements. These results suggest that large amounts 
of organic halocarbons were emitted from the seawater and/or directly by the 
macroalgae in surface seawater of Great Bay. The relationship of CHBr3  
measured at TF and tidal height for 4 -5  June 2002 is shown in Figure 4.10. 
During this 2-day period, the prevailing winds at TF were onshore from the 
ocean, minimizing influences from inland air mass sources. Maximum mixing
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ratios of CHBr3 were observed 2 -3  hours after nighttime high tide, which is 
consistent with our observations around Great Bay and longer-term 
measurements at TF.
There was little or no correlation of these gases and the daytime tidal 
cycle. This could possibly be due to dilution related to increased boundary 
layer height or reduced contact with coastal source regions associated with 
increased wind speed from other directions. All reported compounds show a 
trend of decreasing mixing ratio after 6  a.m. When the boundary layer height 
was lowest, the mixing ratios of C2CI4  were highest (between 2 and 6  A.M. 
local time, Figure 4.9e). This indicates that the C 2 C I 4  diurnal variation was not 
coupled to the tidal cycle. In addition to changes in boundary layer height, the
4-5  fold change in C2CI4 is likely to be primarily associated with transport by
5-SE winds (hourly wind speed >1.5 m s '1) that occurred from midnight to 6  
A.M. on 19 August 2003.
Figures 4.9c and d show decreased CH3I and C2 H5I mixing ratios in 
the morning of the same magnitude as those for CHBr3 and CH2 Br2. This 
result indicates the importance of dilution and transport resulting from an 
increase in boundary layer height and wind direction as indicated by the 
variation of C2CI4. To put this into perspective, we first calculate the loss rate 
from 6  A.M. to 8  A.M. on 19 August 2003 using the measured mixing ratios
c
and obtain values of 0.55 pptv h' 1 and 0.02 pptv h' 1 for CH3I and C2 H5 I, 
respectively. Next, we calculate the expected loss of each gas from its 
reaction with OH by using the integrated form of the rate law for a second- 
order reaction involving either CH3I or C2 H5I and OH. If we overestimate the 
average OH concentration for the early morning and assume a concentration
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of 1 x 106 molecules cm"3, we get OH destruction rates of 5.6 * 10” 4  pptv h“ 1 
and 1.0 x  10" 5 pptv h“ 1 for C H 3 I  (/coh = 0.07 x  10' 12 cm" 3 molecules" 1 s"1) and 
C 2 H 5 I  (koH = 0.03 x 10" 12 cm" 3 molecules" 1 s"1) [Cotter et al., 2001], 
Additionally, if the photolytic lifetimes for C H 3 I  and C 2 H 5 I  are calculated for 
this latitude and season using noontime values for the actinic flux, we get 
comparable lifetimes of approximately 2 days. This implies that mixing and 
dilution are the driving forces during the daytime for these observations, but 
photolysis can also be considered as a secondary loss process. The sink due 
to reaction with OH is insignificant for these gases during the time frame 
under consideration. Moreover, both C H 3 I and C 2 H 5 I showed similar mixing 
ratios for the inland sites and the near-coast sites during the nighttime. This 
may reflect a lower emission rate of the iodocarbons compared to the 
bromocarbons (see below), resulting in the smaller enhancements observed. 
Overall, small nighttime differences in mixing ratios for the iodocarbons were 
observed between the near coast and inland regions, while pronounced 
differences occurred during the daytime. Figure 4.9f shows the tidal cycle at 
the Great Bay and upwelling JNo2 measured at Thompson Farm on 18-19 
August 2003. The highest J values were observed from noon to 2 P.M., 
corresponding to the lowest mixing ratios of these gases, as discussed 
above.
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Figure 4.9. Mixing ratios of (a) CHBr3 , (b) CH2 Br2 , (c) CH3 I, (d) C2 H5 I, (e) 
C2 CI4, and (f) tidal height and JN0 2 at Great Bay, New Hampshire, 18-19 
August 2003. Tide data in this work were obtained from 
http://www.tideworld.com.
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Emission Fluxes from Marine Sources
Short-lived bromocarbons and iodocarbons can play an important role 
in chemical processes that influence the composition of the troposphere. 
Estimates of emission rates of these gases from their primary sources are 
very useful for quantifying the impact on atmospheric chemistry. Emission 
fluxes of marine derived halocarbons are generally estimated using 
atmospheric lifetimes and concentrations or are calculated from surface 
seawater and atmospheric concentration measurements. Large uncertainties 
may be involved in determining parameters such as atmospheric lifetime and 
atmosphere-ocean transfer velocities. In this work, we calculated emission 
fluxes of marine-derived halocarbons from Great Bay using a simple box 
model approach. Parameters used in the model included wind speed, 
boundary layer height, and observed mixing ratios. In estimating the fluxes, 
the difference in mixing ratios between 6 P.M. and 10 P.M. were used to 
eliminate the effect of photochemical degradation. Under southerly winds on 
18 August 2003 with an average speed of 1.8 m s“1 between 6 P.M. and 10 
P.M., the observed mixing ratios primarily reflected local marine emissions 
from Great Bay. The fluxes were calculated from the time-dependent 
difference in mixing ratios at each of the six sites, divided by the area of Great 
Bay. The emission rates were determined from the product of the number of 
moles of air that pass through the box per unit time and the measured mole 
fraction enhancements.
For these calculations, we assumed an average boundary layer height 
of 600 m and that mixing ratio enhancements were only due to emissions 
from local sources. The boundary layer height we used is a reasonable
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estimate based on the work of Talbot et al. [2005], To reduce uncertainty in 
these flux estimates, long-term observations of atmospheric concentrations 
and tidal influences are necessary. Combining boundary layer dynamics with 
the investigation of biogenic production variability in conjunction with surface 
seawater measurements is needed to fully understand the impact of coastal 
production of marine derived halocarbons.
The emission flux estimates for CHBr3, CH2Br2, CH3I, and C2H5I were 
26 ± 57, 4.7 ± 5.4, 5.9 ± 4.6, and 0.065 ± 0.20 nmol m"2 h“1, respectively. The 
large standard deviations in the flux estimates are a result of the variability in 
mixing ratios observed around Great Bay, which was likely caused by 
inhomogeneities in the emission distribution and subsequent atmospheric 
mixing. These emission fluxes yield an average emission ratio for 
CH2Br2/CHBr3 of -0.18, which is consistent with our 2002 measurements. 
This value is very similar to the emission ratio of -0.15 estimated for Mace 
Head, which is strongly influenced by local macroalgae [Carpenter et al., 
2003],
The emission flux of 26 nmol nrf2 h~1 (or 4.3 x 108 molecules cm-2 s“1) 
for CHBr3 is roughly double the average coastal emission flux of 2 x 1 0 8 
molecules cm"2 s '1 calculated by Carpenter et al. [2003] using air and 
seawater concentrations. Although there is a twofold difference between 
these flux estimates, our estimate is (1) obtained from Great Bay and the 
adjacent Gulf of Maine, which is an inhomogeneous body of water with a 
complex bathymetry and circulation patterns which can influence trace gas 
emissions, (2) based solely on atmospheric measurements, and (3) based on 
a 25-hour measurement period with large spatial coverage from six different
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locations around Great Bay. There are many additional factors, such as 
boundary layer height, mixing processes and biogenic production patterns 
that can contribute to variable fluxes. Moreover, our data represent one 
snapshot in time; the daily emissions fluxes are likely to be highly variable 
[Ekdahl et al., 1998], This work, nonetheless, represents the first flux 
estimates of CHBr3, CH2 Br2, CH3 I, and C2 H5I for Great Bay and the seacoast 
region of New Hampshire.
Dissolved Haloqenated Gases in the Gulf of Maine
Dissolved surface seawater concentrations of CHBr3, C2CI4, CH3I and 
isoprene were measured onboard the NOAA ship Ronald H. Brown from 30 
July to 7 August 2002 as part of the NEAQS campaign (Figures 4.11a-d). 
The highest concentrations of dissolved CHBr3, CH3I and isoprene, were 
observed along the coastal region off of New Hampshire near the mouth of 
the Piscataqua River, which flows through the Great Bay estuary, and is 
adjacent to the Hampton-Seabrook estuary (Figures 4.11a, c and d). In 
contrast to the distributions observed for these gases, low dissolved 
concentrations of C2CI4, a good anthropogenic tracer, were observed in this 
region. Concentrations of C2CI4  were approximately a factor of 2 higher in 
Boston Harbor, suggesting inputs from urban runoff (Figure 4.11b).
The measurements aboard the Ronald H. Brown clearly indicate that 
CHBr3, isoprene and CH3I are from similar or colocated surface seawater 
sources. Biogenic production of isoprene has been observed in surface 
seawater in the Mediterranean Sea and Pacific Ocean [Bonsang et al., 1992], 
the Straits of Florida [Milne et al., 1995], the North Sea and Southern Ocean
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[Broadgate et al., 1997; Wingenter et al., 2004]. Broadgate et al. [2004] 
established that isoprene is emitted from the same species of seaweed as 
reported by Carpenter et al. [2000], which in fact also emit CHBr3 and CH3I. 
Two of these macroalgae, Chondrus crispus and Ascophyllum nodosum, are 
common in the Great Bay estuary, the Hampton-Seabrook estuary and along 
the seacoast of New Hampshire [Mathieson and Fralick, 1972; Mathieson and 
Hehre, 1986],
Sea-to-air fluxes of CHBr3 were calculated for the Gulf of Maine using 
surface seawater and ambient air concentrations measured onboard the 
Ronald H. Brown (Figure 4.11). Emission fluxes of CHBr3 from surface 
seawater to the atmosphere were derived from the measured surface water 
concentrations, atmospheric mixing ratios and the instantaneous wind speed 
[Fogelqvist and Krysell, 1991; Carpenter et al., 2003; Quack and Wallace, 
2003; Quack et al., 2004], The flux (/=) of CHBr3 across the air-sea interface 
was calculated as the product of a gas transfer coefficient kw and the air-sea 
concentration difference:
F = kw(Cw -  Ca/H)
where Cw and Ca are the concentrations in the surface seawater and air, 
respectively, H is the dimensionless Henry's law constant calculated using the 
following equation:
H <cHBn)T = exp(13.16 — 4973/T) 
where T is the water temperature (K). The transfer coefficient kw depends on 
the wind speed, the identity of the gas, water temperature and salinity. A 
parameterization of the transfer coefficient suitable for CHBr3 is
kwCHBra = 0.31 U 2(660/SCCHBr3)1/2
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where u is the wind speed in m s”1 and Sc is the Schmidt number, which 
describes the kinematic viscosity of the solvent and diffusion coefficient of the 
compound of interest. The Sc for CHBr3 at a salinity of 35 and various 
temperatures can be expressed as follows:
ScCHBrs = 4662.8 -  319.45T + 9.9012T2 -0 .1 1 59T3 
where T (°C) is the water temperature [Quack and Wallace, 2003], Thus 
simultaneous measurements of the sea surface water concentration, the 
atmospheric mixing ratio, water temperature, and wind speed provide the 
necessary information to estimate sea-to-air fluxes of CHBr3.
The fluxes of CHBr3 from 1-7 August 2002, when the ship was cruising 
within the Gulf of Maine (boxed-in area of Figure 4.12), ranged from 
approximately 1.4 to 183 nmol m"2 IT1. The median flux of 19.4 nmol nT2 h_1 
based on air-seawater measurements is in good agreement with our purely 
atmospheric-based flux of 26 nmol m“2 IT1. The Great Bay is inundated with 
Gulf of Maine water during high tide. Therefore the source of the observed 
enhancements in atmospheric CHBr3 surrounding Great Bay is potentially due 
to biogenic production in the Gulf of Maine, its transport into the Great Bay 
estuary and its subsequent release to the atmosphere, as suggested earlier.
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Figure 4.11. Surface seawater concentrations of (a) isoprene, (b) C2CI4, (c) 
CHBr3) and (d) CH3I made from 30 July to 7 August 2002 during the NEAQS 
campaign.
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Figure 4.12. Emission fluxes of CHBr3 from the Gulf of Maine during 31 July 
to 7 August 2002. The boxed in area represents measurements from 1-7 
August 2002.
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Estimate of Anthropogenic Source Strength of Bromoform
The various measurement sites around Great Bay and TF are close to 
populated areas which discharge chlorinated water into Great Bay. Coastal 
power plants also use and discharge millions of cubic meters of water for 
cooling every day. Local to Great Bay are power plants in Sea Brook and 
Portsmouth, New Hampshire, that utilize water from nearby sources. In the 
process the water is chlorinated to prevent biofouling and is then discharged 
back into Great Bay and the Gulf of Maine. Thus a portion of the CHBr3 
emitted to the atmosphere from the Great Bay estuary might have an 
anthropogenic component. To assess the potential impact on our measured 
sea-to-air fluxes, we estimated the contribution to CHBr3 levels in Great Bay 
from local wastewater treatment facilities and power plants.
The World Resource Institute (see http://earthtrends.wri.org) reports 
that annual water withdrawals for domestic and industrial use are 238 and 
825 m3 per person, respectively, in the United States. New Hampshire has 
three counties (Carroll, Strafford, and Rockingham) that discharge 
wastewater into the Great Bay. The water volume of Great Bay varies from 
2.3 x 108 m3 at high tide to 1.5 *  108 m3 at low tide [Brown and Arrelano, 
1979}. The total population of these three counties is about 450,000 (see 
http://www.ci.concord.nh.us), and the CHBr3 concentration in effluents from 
chlorination of wastewater, drinking water, and recreational water ranges from 
4-40 nmol L”1 [Quack and Wallace, 2003]. From this, we estimate that the 
discharge of CHBr3 to the Great Bay is about 2.2-22 x 108 nmol h~1, which 
could potentially contribute ~0.032-0.32 nmol L~1 of dissolved CHBr3. Using 
the flux value determined in the previous section and the measured
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atmospheric mixing ratios, we estimate an average concentration of CHBr3 of 
about 3.1 nmol L”1 for Great Bay. Therefore the contribution from chlorination 
of wastewater, drinking water, and recreational water in this region could 
range from ~1-10%.
Quack and Wallace [2003] report that concentrations of 60 to 200 nmol 
L”1 of CHBr3 have been measured in coastal power plant effluents. The total 
capacity of the power plants that discharge chlorinated cooling water into the 
Great Bay is about 1000 megawatts of electricity (MWe) (see 
http://www.eia.doe.gov/cneaf/electricity/page/capacity/capacity.html). The 
water usage of cooling water for these power plants is 30 m3 s”1 per 1000 
MWe [Quack and Wallace, 2003], Therefore we estimate the contribution of 
CHBr3 from coastal power plants to be ~0.46-1.53 nmol L"1, which is about 
15-50% of the CHBr3 concentration in the Great Bay. From these estimates, 
anthropogenic sources of CHBr3 that discharge into Great Bay could 
potentially account for ~15-60% of its total atmospheric source strength. It 
should be noted that there is a large range of effluent concentrations reported 
in the literature, so our estimates have significant uncertainties associated 
with them. To more accurately evaluate the contribution of these sources, 
field studies are needed to measure the flow rates and concentrations of 
CHBr3 in effluents of wastewater treatment facilities and power plants that 
discharge into Great Bay.
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Conclusions
From measurements conducted at the University of New Hampshire's 
Thompson Farm Observing Station, we have found that air masses 
encountered at this site are frequently influenced by emissions from coastal 
marine and estuarine waters. The mean mixing ratio of CHBr3 observed in 
summer was higher than in the winter, and the mixing ratios for CHBr3 and 
CH2Br2 were more variable during the summer most likely because of 
increased production rates and faster removal from the atmosphere. Mixing 
ratios of CHBr3 and CH2Br2 were well correlated during both the winter and 
the summer of 2002 indicating that they have similar sources. Much greater 
variability of CHBr3 compared with CH2Br2 was most likely a result of its 
higher reactivity with OH in the atmosphere. The urban tracers C2HCI3 and 
C2CI4 tracked each other well from June-August 2002 indicating that they 
share similar anthropogenic sources. In contrast to these gases, CHBr3 and 
CH2Br2 generally did not correlate with any of the anthropogenic halocarbons 
(though they correlated well with each other), suggesting biogenic sources. 
Air masses from the NE and SE had higher levels of CHBr3 and CH2Br2 
indicating an estuarine and coastal marine influence. For C2CI4 and C2HCI3, 
air masses from the SW showed higher levels than those from other sectors, 
confirming a strong urban influence from these directions. Additionally, there 
were periods when air masses from the SE showed a strong marine signature 
as well as enhancements of urban tracers, illustrating the complexity of the 
dynamic processes encountered in this region.
For samples collected around Great Bay, mixing ratios of short-lived 
marine halocarbons at the near-coast sites were generally higher than those
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at the inland sites. This indicates a significant influence of emissions from 
Great Bay on the local distribution of these gases. During 18-19 August 
2003, the mean CHBr3, CH2 Br2, CH3 I, and C2 H5 I mixing ratios were 82%, 
46%, 14%, and 17% higher, respectively, at near-coast sites as compared to 
the inland sites. Correlations of the tidal cycle and atmospheric 
concentrations of the marine tracers were observed during the night of 18 
August 2003, with peak mixing ratios being observed about 2 -3  hours after 
high tide. Using atmospheric concentrations observed at nighttime, we 
estimated the emission flux of CHBr3, CH2Br2, CH3I, and C2H5I from the local 
coast region of New Hampshire to be 26 ± 57, 4.7 ± 5.4, 5.9 ± 4.6, and 0.065 
± 0.20 nmol m“2 h '1, respectively. Sea-to-air fluxes calculated from surface 
seawater and ambient air measurements on the Ronald H. Brown in the Gulf 
of Maine suggest a coastal marine source of CHBr3 and are in very good 
agreement with the CHBr3 fluxes estimated from atmospheric measurements 
around Great Bay. The anthropogenic source strength of CHBr3 was also 
estimated, and is potentially 15-60% of the total CHBr3 in Great Bay. 
However, we believe this estimate is an upper limit, at best, because of the 
types of macroalgae found in this region in addition to the CH2Br2/CHBr3 
ratios measured at TF and the sampling sites around the Great Bay. The 
emission ratio of CH2Br2/CHBr3 from measurements at the Great Bay is 
approximately 0.12, which is in good agreement with the emission ratio of 
~0.15 that was estimated by Carpenter et al. [2003] at Mace Head, which is 
strongly influenced by local macroalgae.
Coastal and estuarine environments are potentially significant sources 
of short-lived halogenated compounds to the atmosphere and play an
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important role in numerous processes which influence the chemistry of the 
atmosphere. Long-term continuous observations are needed at both inland 
and near-coast regions, including macroalgae bed areas for atmospheric and 
surface seawater measurements. Dynamic processes such as boundary layer 
height variation need further investigation in order to improve our 
understanding of the factors controlling the diurnal cycles of the marine 
derived halocarbons. Finally, a more detailed anthropogenic source inventory, 
such as effluent concentration and water usage, is also needed in order to 
deconvolute anthropogenic from natural sources in coastal areas.
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CHAPTER V
BROMOFORM AND DIBROMOMETHANE MEASUREMENTS DURING 
ICARTT (NEAQS-ITCT) 2004 CAMPAIGN
Introduction
Short-lived brominated organic compounds, such as CHBr3 and 
CH2 Br2, have been identified as sources of the reactive radical species BrOx 
(Br + BrO) to the atmosphere [Carpenter and Liss, 2000; McGivern et al., 
2000; Quack and Wallace, 2003], The production, emission rates and 
atmospheric distributions of these short-lived gases are spatially and 
temporally variable. Uncertainties still exist in the short-lived organic bromine 
budget and its contribution to atmospheric bromine chemistry. Atmospheric 
observations of these gases in northwest Atlantic coastal regions are limited 
in number [Quack and Wallace, 2003], Measurements of CHBr3 and CH2 Br2 in 
these areas provide valuable information on their regional and global 
distributions, budgets, and contributions to bromine chemistry in the 
troposphere and stratosphere. Furthermore, these gases have been 
frequently used as tracers to investigate the marine influence on air masses 
[e.g., Atlas et al., 1992; Blake et al., 1996a, Blake et al., 1999a; Zhou et al.,
2005], The study described in this chapter focuses on the distributions of the 
oceanic short-lived brominated organic compounds, investigates the factors 
affecting their distributions and uses these gases as tracers to better 
understand the marine influences on regional air quality. Atmospheric
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measurements of CHBr3 and CH2 Br2 are presented from June 1-August 31, 
2002, July 3-September 17, 2003, and July 2-August 15, 2004 at TF and from 
July 2-August 13, 2004 at Al. Vertical profiles over the coastal region of the 
Gulf of Maine were obtained from measurements conducted aboard the 
NASA DC- 8  aircraft as part of the Intercontinental Chemical Transport 
Experiment - North America (INTEX-NA) during the International Consortium 
for Atmospheric Research on Transport and Transformation (ICARTT) 2004 
campaign, a joint research effort by scientists from North America and 
Europe. Atmospheric distributions of CHBr3 and CH2 Br2  are interpreted with 
local meteorology to investigate source region relationships. Additionally, 
CHBr3 and CH2 Br2 are used as marine tracers in case studies to determine 
the impact of tropical storms, characterize the transport of air masses during 
pollution episodes and to identify the entrainment of a biomass burning air 
mass from the upper troposphere.
Methods
The UNH Observing Station at Appledore Island (Al) is located at the 
Shoals Marine Lab on Appledore Island, ME (42.97° N, 70.62° W, sea level), 
which is part of the Isles of Shoals. Located off the coast of Maine and New 
Hampshire, Al is a unique sampling location where air masses that have been 
influenced by a variety of different source regions, including coastal marine, 
the forested sub-Arctic, the industrialized Midwestern U.S., the metropolitan 
East coast and the open North Atlantic Ocean, are frequently encountered. 
Hourly samples were collected in 2-liter electropolished stainless steel 
canisters (University of California, Irvine) at Al for C2-C10 NMHCs, Ci-C2
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halocarbons, C1-C5 alkyl nitrates and selected organic sulfur compounds from 
the top of a World War ll-era lookout tower (~20 m), July 2-August 13, 2004. 
Canister samples were pressurized to 35 psig using a single head metal 
bellows pump (MB-302MOD, Senior Flexonics, Sharon, MA) and returned to 
our laboratory at UNH every four days for analysis by gas chromatography 
using a three GC system equipped with two ECDs, two FIDs and one mass 
spectrometer (MS) (see Chapter 2).
At Thompson Farm, atmospheric measurements of VOCs were 
conducted by using our automatic GC system. The site description and 
analytical methods were described in Chapter 4 and 2, respectively. The data 
record utilized in the study presented in this chapter covers the time period 
from June 1-August 31, 2002, July 3-September 17, 2003, and July 2-August 
15, 2004.
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Figure 5.1. Locations for two of the AIRMAP monitoring stations: Thompson 
Farm in Durham, NH and Appledore Island,ME.
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Results and Discussions 
Atmospheric Distributions of Marine Derived Halocarbons
Figure 5.2 shows the time series of CHBr3 and CH2 Br2 measured 
during three consecutive summers at TF (2002-2004) and at Al (2Q04). The 
mean, maximum, and minimum mixing ratios of CHBr3 and CH2 Br2 at these 
two sites are listed in Table 5.1. During the study periods, CHBr3 and CH2 Br2  
were well correlated at both sites, indicating their similar sources (Figure 5.2). 
Much greater variability of CHBr3 compared with CH2 Br2  is shown by its 
higher relative standard deviations (Table 5.1) and is most likely a result of its 
higher reactivity in the atmosphere.
Elevated concentrations of CHBr3 were frequently observed at these 
two sites, with maxima of 37.9 pptv and 47.4 pptv for TF and Al, respectively 
(Table 1). Previous studies in this region found that air masses encountered 
at TF are frequently influenced by emissions from coastal and estuarine 
waters [Zhou et al., 2005]. At TF, mean mixing ratios during these periods 
ranged from 5.3-6.3 pptv and 1.3-2.3 pptv for CHBr3 and CH2 Br2, respectively 
(Table 5.1). These values are comparable with previously reported results 
from coastal regions between 40°-60° N [Carpenter et al., 2003; Quack and 
Wallace, 2003; Yokouchi et al., 2005; Zhou et al., 2005], The mean mixing 
ratios of both gases were higher at Al (CHBr3=14.3 pptv, CH2 Br2 =3.2 pptv) 
compared to TF (CHBr3 = 6.3 pptv, CH2 Br2  = 2.3 pptv) during the ICARTT 
campaign indicating the influence of local marine sources on the composition 
of air masses in this region (Figures 5.2c-d, Table 5.1).
Figure 5.3 shows the tropospheric vertical distributions of CHBr3 and 
CH2 Br2 measured onboard the NASA DC- 8  aircraft as part of INTEX-NA
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during the ICARTT campaign. Results for airborne measurements are from 
INTEX-NA archive database submitted by UCI. The data points shown 
correspond to samples taken when the aircraft was within 42.0-43.5° N and 
69.5-71.0° W, which encompasses the coastal region of the Gulf of Maine 
and includes TF and Al. The mixing ratios measured at altitudes below 1 km 
spanned from 0.8 to 14.0 pptv (mean = 2.9 pptv) and 0.7 to 2.5 pptv (mean = 
1.0 pptv), for CHBr3 and CH2 Br2 respectively. At altitudes above 1 km, mixing 
ratios ranged from 0.2 to 1.1 pptv (mean = 0.4 pptv) and 0.6 to 0.8 pptv 
(mean = 0.7 pptv) for CHBr3 and CH2 Br2, respectively. The strong negative 
vertical gradients exhibited by these two gases reflect their surface oceanic 
sources. The rapid reduction in mixing ratios with altitude is a result of both 
photolytic loss and dilution. The difference in CHBr3 mixing ratios between the 
marine boundary layer (MBL) and free troposphere (FT) (600%) was 
significantly larger than that for CH2 Br2 (30%), which is more evenly mixed 
throughout the troposphere resulting from its longer atmospheric lifetime.
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Figure 5.2. Time series of CHBr3 and CH2 Br2 at Thompson Farm during the 
summer of a) 2002, b) 2003, c) 2004 and d) Appledore Island, summer 2004.
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Figure 5.3. Vertical distributions of CHBr3 and CH2 Br2 over the coastal 
region of the Gulf of Maine measured onboard the NASA DC- 8  aircraft 
during the ICARTT 2004 campaign.
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Table 5.1. Statistics for CHBr3 and CH2 Br2 at Thompson Farm and Appledore Island
CHBr3 (pptv) CH2 Br2 (pptv)
Max Min Mean RSD (%) Max Min Mean RSD (%)
June 1-August 31 2002 37.9 0 . 6 5.9 99 4.2 0.4 1.4 40i nompson July 3-August 15 2003 24.6 0 . 2 5.3 98 4.0 0 . 2 1.3 51
July 2-August 15 2004 30.4 1 . 0 6.3 91 5.9 0.5 2.3 43
Appledore
Island July 2-August 13 2004 47.4 0.9 14.3 64 8 . 2 0 . 8 3.2 44
RSD is relative standard deviation.
Correlations of Marine Halocarbons
Mixing ratios of CHBr3 and CH2 Br2were well correlated at TF and Al, 
illustrating the persistence of their common marine sources throughout the 
region (Figure 5.4). The slopes of the linear regressions for CH2 Br2 versus 
CHBr3 were -0.14 for all three data sets. This suggests that the emission 
rates of CH2 Br2 and CHBr3 are relatively constant throughout the coastal 
source region and are within the range of reported emission ratios for coastal 
regions. Carpenter et al. [2003] obtained an average emission ratio of 0.15 at 
Mace Flead, Ireland, which is strongly influenced by local macroalgae, while 
Yokouchi et al. [2005] estimate the CH2 Br2/CFIBr3 emission ratio to be 
approximately 0.11. Comparison between CH2 Br2/CHBr3 ratios in our study 
and those reported in previous studies suggests that the CHBr3 and CH2 Br2  
measurements at TF and Al are influenced by biogenic sources (e.g., 
macroalgae beds) in the local coastal waters [Zhou etal., 2005].
Although the measured mixing ratios were higher at Al compared to 
TF, the respective ratios of CH2 Br2 to CHBr3 were similar at both locations 
demonstrating the pervasiveness of the marine influence throughout the 
region (Figure 5.4). However, the somewhat lower slope value of the 
regression line for Al (0.13) as compared to TF (0.15) indicates that air 
masses at Al had more recent marine influences (Figure 5.4). This is clearly 
seen by analyzing the relationship between CH2 Br2/CHBr3 and CHBr3, as 
illustrated in Figures 5.5a and b. A wide range of CH2 Br2/CHBr3 ratios were 
observed, indicating the variety of air masses and atmospheric processes 
encountered at both sites (Figure 5.5). In general, air masses had lower 
CH2 Br2/CHBr3 ratios at Al compared to TF reflecting the close proximity to
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fresh emissions from the coastal waters. The CH2 Br2/CHBr3 ratio decreased 
with increasing CHBr3 mixing ratios reflecting that air masses with recent 
marine influences tend to have a higher fraction of CHBr3 than those with less 
recent marine influences, which is likely a result of the differences in their 
chemical reactivities. The photochemical removal of CHBr3 is faster than that 
of CH2 Br2, thus, the fraction of CHBr3 in an air mass tends to decrease with 
time when transported away from the source region. The differences 
observed in the CH2 Br2/CHBr3 ratio versus CHBr3 between TF and Al may 
also be attributed to the dilution of air masses with background air having 
lower mixing ratios of CHBr3 and subsequently a higher CH2 Br2/CHBr3 ratio.
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Figure 5.4. Correlations of CHBr3 and CH2 Br2 at Thompson Farm (2003- 
2004) and Appledore Island (2004).
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Figure 5.5. Relationships between CH2 Br2/CHBi3 ratios and CHBr3 mixing 
ratios at a) Thompson Farm (2003) and b) Thompson Farm and Appledore 
Island (2004).
158
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Source Region Relationships
The mean mixing ratios of C H B r 3 ,  C H 2 B r 2 ,  tetrachloroethene ( C 2 C I 4 )  
and trichloroethene ( C 2 H C I 3 )  in air masses arriving from the four primary wind 
sectors at TF, and five wind sectors at Al are illustrated in Figure 6 . Because 
of its geographical location (Figure 5.1), the southwest wind sector at Al has 
been subdivided into two different south-southwest categories: 180-225° and 
225-270°, which represent coastal and continental influences, respectively.
At TF (2002-2004), air masses arriving from the northeast (NE) and 
southeast (SE) wind sectors had average CHBr3 mixing ratios ranging from 
8.2-12.6 pptv, while mixing ratios in air masses from the southwest (SW) and 
northwest (NW) varied from 3.8-4 . 8  pptv (Figures 5.6a-c). For CH2 Br2, mean 
mixing ratios in the NE and SE sectors were higher (1.4-3.0 pptv) than those 
from the SW and NW sectors (0.9 to 2.0 pptv) (Figures 5.6a-c). In all cases, 
air masses transported from the NE and SE had higher levels of CHBr3 and 
CH2 Br2  (approximately 70-220% and 20-90%, respectively) than those from 
the SW and NW sectors, because air flow patterns from the NE and SE 
sectors pass over the estuarine and coastal marine regions. The marginal 
difference in the mean CH2 Br2 mixing ratios between the different wind 
sectors reflects that it is relatively well mixed throughout the troposphere.
The overall trends observed at Al were similar to those of TF with the 
highest average CHBr3 and CH2 Br2 mixing ratios occurring when flow was 
from the NE, SE, and S-SW (180-225°) wind sectors, which are solely 
influenced by the marine environment (Figure 5.6d). Furthermore, the SE and 
S-SW wind sectors represent open-ocean and coastal water influences, 
respectively, and on average, mixing ratios of CHBr3 were 2 0 % higher for the
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S-SW sector compared to the SE sector. These findings indicate that the 
coastal marine sources are more significant compared to those of the open 
ocean. Moreover, these results are in good agreement with our 
measurements of surface seawater concentrations and estimates of sea-to- 
air fluxes in the Gulf of Maine during the NEAQS 2002 campaign, where the 
highest surface seawater concentrations and fluxes of CHBr3 were along the 
coastal region of New Hampshire [Zhou et. al., 2005],
Both C2CI4  and C2 HCI3 are widely used as dry cleaning fluids and 
solvents [Wang et al., 1995], and are frequently used as tracers of urban air 
masses [Blake et al., 1996b]. Mixing ratios of C2CI4 and C2 HCI3 were higher in 
the SW sector at TF and the SW-W (225-270°) sector at Al compared to 
those in other wind sectors. These results clearly reflect the pronounced 
anthropogenic influences on air masses traveling north from the northeastern 
urban corridor, in agreement with the findings from Mao and Talbot [2004]. 
Additionally, the elevated C2 CI4  and C2 HCI3 levels also correlate well with the 
higher average ozone (0 3) mixing ratios from the corresponding wind sectors 
for TF and Al (see Section 5.2.4). The lowest average concentrations of C2 CI4  
and C2 HCI3 were associated with flow from the NE and NW sectors at both 
sites, suggesting transport of cleaner Canadian air masses to the study 
region [Moody et al., 1998; Mao and Talbot, 2004]. Although air masses 
originating from the SE at TF (SE and S-SW at Al) possessed the chemical 
characteristics of coastal marine influence, they also exhibited higher average 
concentrations of C2CI4 and C2 HCI3 compared to air masses from the NW and 
NE sectors. It is likely that this unique chemical signature results from the 
export of polluted air masses originating in the Mid-Atlantic States, as
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suggested by Mao and Talbot [2004]. More specifically, while air masses 
were transported out of the mid-Atlantic states moving northeastward over the 
ocean, the flow was constantly mixed with the fresh emissions in the 
continental outflow from major metropolitan areas such as Boston and New 
York. Under the influence of the subtropical high and Canadian low pressure 
system, the flow would make landfall in northeastern New England, most 
likely bearing high levels of anthropogenic tracers [Mao and Talbot, 2004].
Figure 5.7 shows the relationship of wind speed versus CHBr3 and 
CH2 Br2 mixing ratios at Al. In the coastal marine environment, CHBr3 and 
CH2 Br2 mixing ratios increased with wind speed, facilitating the sea-to-air flux 
of these dissolved trace gases. The relationship between wind speed and 
sea-to-air fluxes for dissolved trace gases can be described by
F = M C^Ca/H) (1)
where F is the flux across the air-sea interface, kw is the gas transfer 
coefficient, Cw and Ca are the concentrations in the surface seawater and air, 
respectively, and H is the dimensionless Henry’s law constant. The transfer 
coefficient kw depends on the wind speed, the identity of the gas, water 
temperature and salinity. As described by Wanninkhof [1992], a 
parameterization of the transfer coefficient suitable for CHBr3 is described by 
the following
K  CHBr3 = 0.31 u2 (6 6 0 /S c c h b t3 )1/2 (2)
where u is the wind speed in m s“ 1 and Sc is the Schmidt number, which 
describes the kinematic viscosity of the solvent and diffusion coefficient of the 
compound of interest. The parameterization of the transfer coefficient for 
CH2 Br2 can also be established in a similar manner. According to Equation 1,
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sea-to-air fluxes are expected to increase proportionally with wind speed. 
From our measurements at Al, the wind speed relationship is well 
pronounced and quite striking (Figures 5.7a and b). The robust correlation of 
mixing ratio with wind speed further substantiates that CHBr3 and CH2 Br2 are 
emitted directly from the surface seawater in the Gulf of Maine. From previous 
work conducted in this area, sea-to-air fluxes of CHBr3 were calculated using 
surface seawater and ambient air concentrations measured onboard the 
NOAA Research Vessel Ronald H. Brown [Zhou et al., 2005], A median flux 
of 19.4 nmol m"2 h"1 was calculated based on air and surface seawater 
measurements from 1-7 August 2002, while the ship was within the 
boundaries of the Gulf of Maine. Furthermore, purely atmospheric-based 
emission fluxes for CHBr3 were 26 nmol m' 2 h' 1 while CH2 Br2 was 4.7 nmol m' 
2 h‘ 1 as determined from a series of ambient samples collected around the 
Great Bay estuary [Zhou et al., 2005]. During the ICARTT campaign at Al, 
average fluxes of CHBr3 were 18.9 nmol m' 2 h' 1 and CH2 Br2 were 2.6 nmol m' 
2 h' 1 calculated using the ambient air measurements, which is in very good 
agreement with our previous estimates.
The Gulf of Maine was impacted by remnants of Tropical Storm Bonnie 
passing through the northeastern U.S. during the campaign. During the storm, 
wind speeds increased significantly along the coastal region, increasing the 
sea-to-air transfer and corresponding atmospheric mixing ratios of CHBr3 and 
CH2 Br2 at both Al and TF (see Section 5.2.4.1). The increased wind speeds 
encountered during the tropical storm resulted in a subtle increase in the 
average mixing ratios at TF compared to previous years (Table 5.1).
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Although CHBr3  and CH2 Br2 mixing ratios increased with wind speed, 
below wind speeds of ~3 m s'1, their mixing ratios were constant, but slightly 
elevated in comparison to the average mixing ratios between 3-5 m s' 1 
(Figure 5.7). Most of the wind speeds below 3 m s' 1 were observed between 
midnight and noon (local time) (~60%) and approximately 70% of these 
occurred between the hours of 7 p.m. to midnight. If we assume that the MBL 
was relatively stable and the average temperatures were effectively constant 
between the hours of 7 p.m. and midnight [Mao et al., 2006], it is likely that 
the halocarbon enhancements at low wind speeds were affected by the 
surfactant concentrations in the coastal waters, which can influence sea-to-air 
gas transfers. For inland and coastal waters, naturally decaying organic 
matter and organic pollutants can be significant sources of surfactants. 
Measurements conducted in 2002 confirm that the coastal waters of the Gulf 
of Maine were supersaturated with VOCs [Zhou et al., 2005]. A difference in 
the air-sea gas transfer velocities at low wind speeds in the coastal waters, 
which likely contain high levels of surfactants, could significantly affect the 
rate of exchange between the surface waters and the atmosphere, resulting 
in the observed enhancements. Additionally, the CHBr3 and CH2 Br2 mixing 
ratios could have been slightly elevated because of stagnant air masses 
residing over an area of high productivity, resulting in large local emissions 
via diffusion and allowing concentrations to build up in the local atmosphere. 
Furthermore, physical factors such as bubble spectra, wave spectra and 
wave slope were not monitored at Al, so it is not known how these 
parameters may have affected the sea-to-air gas exchange at low wind 
speeds. Finally, it is worth noting that when the wind speeds ranged from ~3-
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5 m s'1, both CHBr3 and CH2 Br2 mixing ratios slightly decreased, yet 
increasing proportionally with higher wind speeds. From these results, it is 
clear that future research is needed to deduce the factors controlling the sea- 
to-air exchanges in coastal environments, particularly at low wind speeds.
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Figure 5.6. Average mixing ratios of CHBr3, CH2 Br2, C2CI4, and C2 HCI3 
partitioned by wind sector from Thompson Farm a) 2002, b) 2003, c) 2004 
and d) Appledore Island, 2004.
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Figure 5.7. Relationship of wind speed versus a) CHBr3 and b) ChfeEto 
mixing ratios at Appledore Island during the summer 2004. The error bars 
shown are the standard deviation of the mean for the average mixing ratios.
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Case studies
Influence of Tropical Storm Bonnie. During the period from August 10-14 
2004, the northeast was impacted by Tropical Storm Bonnie. Its affects were 
prominently observed at both TF and Al, resulting in elevated mixing ratios of 
CHBr3 and CH2 Br2, in addition to other marine tracers such as dimethyl 
sulfide (DMS), methyl iodide (CH3 I) and chloroiodomethane (CH2CII) [Varner 
et al., in preparation]. The impact of this event was first observed at both sites 
during mid-day on August 10, when the wind direction shifted from the west to 
the southeast, indicating the counterclockwise circulation of the tropical storm 
traveling up the east coast. The yellow shaded portions of Figures 5.8a and b 
correspond to the pre-tropical storm period, during which time somewhat 
elevated mixing ratios of the marine derived gases were observed at both 
sites. The blue shaded portions of Figures 5.8a and b show significantly 
higher mixing ratios associated with increased wind speeds, illustrating the 
direct impact of Tropical Storm Bonnie on the marine derived gases. During 
the period spanning from August 12-14, average mixing ratios of CHBr3 and 
CH2 Br2 at i) TF were 50% and 20%, and at ii) Al were 100% and 40% higher 
than those averaged over the summer of 2004 for the southeast wind sector, 
respectively.
On August 10 at 11 am (local time), the measured mixing ratios of 
CHBr3 and CH2 Br2 were 4.3 pptv and 1.2 pptv, respectively, at Al. By 7 pm 
that evening, mixing ratios increased to 28.5 pptv for CHBr3 and 4.0 pptv for 
CH2 Br2. The higher mixing ratios of these gases resulted from increased wind 
speeds associated with Tropical Storm Bonnie, leading to larger sea-to-air 
fluxes (as discussed previously in Section 5.2.3 and shown in Figure 5.7).
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From the best fit line of the linear regression for wind speeds above 3 m s' 1 
for CHBr3 and CH2 Br2 (Figure 5.7), a mixing ratio of 23.0 pptv was calculated 
for CHBr3 at a wind speed of 10.8 m s' 1 (7 pm), which was comparable to our 
measurement of 28.5 pptv. For CH2 Br2, the calculated mixing ratio at the 
same wind speed was 4.5 pptv compared to the measured value of 4.0 pptv. 
Using a simple box model based on the wind speed dependence, 
concentration differences between the pre-tropical storm and tropical storm 
periods, and the marine boundary layer height, we have estimated the fluxes 
of these gases resulting from the increased wind speed during Tropical Storm 
Bonnie’s passage. Because the boundary layer height at Al is not known for 
the tropical storm period, a value of 500 m has been chosen, which is a 
reasonable estimate for this location under normal conditions. For the tropical 
storm period, average fluxes of CHBr3 and CH2 Br2 were calculated to be 52.4 
nmol m' 2 h' 1 and 9.1 nmol m"2 h'1, respectively. The non-tropical storm period 
fluxes were approximately 19 nmol m"2 h"1 for CHBr3 and 3 nmol m"2 h' 1 for 
CH2 Br2. The increase in fluxes of CHBr3 and CH2 Br2 during the tropical storm 
were approximately 2-3 times larger than their background fluxes, and are on 
the same order of the increase in fluxes observed for CH2CII at Al [Varner et 
al., in preparation] The non-tropical storm values are in good agreement with 
previous estimates for this region [Zhou et al, 2005], However, the flux 
estimates presented here largely depend on the boundary layer height, which 
is effectively not known because of the large scale rapid vertical mixing during 
a tropical storm. Therefore, these fluxes should be viewed as lower limits and, 
for example, would be twice as large if the boundary layer height was 
increased to 1 0 0 0  m, which may be a more appropriate value.
168
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The measurements from Al during this time period clearly illustrate that 
large fluxes of marine derived gases were emitted into the atmosphere from 
the surface ocean during the passage of the tropical storm system. Figures 
5.9a and b show the three-day backward trajectories for August 13, 2004 at 
TF and Al. During its transit northward, Tropical Storm Bonnie traveled up the 
coastline, affecting the entire northeastern U.S. (Figures 5.9a and b). The 
extended period of high winds in contact with supersaturated coastal waters 
injected significant amounts of marine derived compounds into the 
atmosphere. As illustrated in Figures 5.8 and 5.9, these compounds were 
rapidly transported from the costal zone to inland locations. Because marine 
derived halocarbons can play important roles in the chemistry of the 
atmosphere, long-term event based observations of these gases under 
extreme weather conditions (i.e., tropical storms and hurricanes) are critical 
for evaluating the effects of climate change on future air quality, how the 
composition of the atmosphere will change, and the feedbacks associated 
with elevated halocarbon loadings.
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Figure 5.8. Mixing ratios of CHBr3, CH2 Br2 , DMS, CH3 I, CH2 CII, and wind 
direction at a) Thompson Farm and b) Appledore Island during Tropical 
Storm.
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Figure 5.9. NOAA HYSPLIT backward trajectory for August 13, 2004 
illustrating the coastal influence of the air mass arriving at a) Thompson Farm 
and b) Appledore Island.
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Ozone Episodes and the Coastal Marine Influence at TF. The multi-year
data set from TF has provided a unique resource to evaluate the utility of 
using marine derived halocarbons as a proxy for identifying 03  episodes in 
the northeastern U.S. From July 3 to September 17, 2003, sixteen 03  
episodes with hourly maximum mixing ratios >60 ppbv were identified at TF, 
while thirteen 03  episodes (>60 ppbv) were encountered from July 2 to 
August 14, 2004. Figure 10 shows CHBr3 and 03  mixing ratios along with 
wind direction and wind speed on selected days when 03  levels were >60 
ppbv at TF.
In 2003, six of the sixteen 0 3 episodes were characterized by 
enhanced CHBr3 mixing ratios. During the ICARTT campaign, five of the 
thirteen 0 3 events displayed similar enhancements in CHBr3. For the 
summertime periods of 2003 and 2004, approximately 38% of all the 0 3 
episodes encountered at TF had enhanced CHBr3 mixing ratios, in addition to 
other marine derived gases. On July 4 and August 9, 2003 (Figures 5.10a 
and b) and July 1 and 22, 2004 (Figures 5.10c and d), elevated 0 3 mixing 
ratios (maximum hourly averages of 0 3 >80ppbv) were observed during each 
afternoon. The CHBr3 mixing ratios measured during these time periods were 
considerably higher than the sampling period averages (Table 5.1), with 
hourly averages ranging from 15-33 pptv. Local meteorological data reveal 
that winds were from the SE and air masses had passed over the coastal 
region, resulting in the elevated CHBr3 mixing ratios observed during these 
high 0 3 episodes. A typical trajectory, which is generally representative of the 
elevated CHBr3 and 0 3 days shown in Figures 5.10a-d, illustrates that air 
masses were influenced by both urban/industrial and coastal marine areas
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(Figure 5.11a). The input of O3 and its precursors into air masses transported 
from industrial areas likely contributed to the overall elevated 0 3 levels 
measured at inland locations such as TF. Coupled with the lack of 0 3  
deposition over the ocean and the potential for halogen atom chemistry in the 
coastal marine environment [Keene et al., submitted], the significance of 
these occurrences is that they frequently resulted in higher 0 3 levels at TF 
compared with air masses originating from continental locations (e.g., air 
masses transported from the west).
On August 6  and 22, 2003 (Figures 5.10e and f), and July 30 and 
August 10, 2004 (Figures 5.10g and h), 0 3 mixing ratios were also elevated 
during the afternoons (maximum hourly average mixing ratios of 0 3 >70ppbv). 
However, during these time periods, the mixing ratios of CHBr3 were much 
lower than the sampling period average values listed in Table 5.1. During 
these particular 0 3 episodes, CHBr3 mixing ratios ranged from 0.58-2.5 pptv 
and were close to background levels, such as when prevailing winds were 
from the SW and NW, indicating that air masses had little or no marine 
influence. The backward trajectory shown in Figure 5.11b suggests that air 
masses were transported from the SW. Furthermore, the local meteorological 
data reveals that during these days, southwesterly winds prevailed, 
transporting 0 3-rich air masses inland to TF (Figures 5.10e-h and 5.11b). The 
onshore flow with southeasterly winds was suppressed and its influence on 
inland pollutant loadings was minimized [Mao and Talbot, 2004],
For the time periods spanning July 3 to September 17, 2003 and July 2 
to August 14, 2004, approximately 60% of the 0 3 episodes occurred under 
large-scale southwesterly flow patterns, solely having continental influences.
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Based on results from this study, more O3 episodes were associated with 
continental influences than those with marine influences. However, because 
O 3  deposition over the ocean is not significant and there is the potential for 
halogen atom chemistry to further process air masses in the coastal marine 
environment, the magnitude of the 0 3 levels during the marine influenced 
episodes was significant at inland locations and needs further investigation to 
determine the impact of coastal environments on chemical processing. 
Combining measurements of marine tracers with meteorological observations 
may ultimately prove useful in elucidating the proposed mechanisms about air 
mass transport in the coastal region and its affects on 0 3 production.
As discussed previously in Section 5.2.3, Mao and Talbot [2004] 
demonstrated that the export of polluted air masses originating in the mid- 
Atlantic states, travels northeastward over the ocean, and is constantly mixed 
with the fresh emissions in the continental outflow from major metropolitan 
areas such as Boston and New York. Under the influence of the subtropical 
high and Canadian low pressure system, the air masses make landfall in 
northeastern New England, most likely transporting high levels of pollutants. 
The results presented here provide clear evidence of the coastal marine 
influence and the “wrap around” transport pattern leading to high 0 3 levels at 
inland locations in the northeast. Long term observations and further analysis 
of these short-lived marine compounds could provide useful insight to our 
understanding of coastal zone influences on distributions of air pollutants, and 
potentially the effects of nighttime and halogen atom chemistry on air quality 
in this region. However, a further analysis of the frequency for which marine 
influences occur in air masses is needed to fully evaluate the importance of
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both marine and continental environments in shaping the coastal regional 
quality and their contributions to O3 formation.
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Figure 5.10. Mixing ratios of CHBr3 and 0 3, wind direction and wind speed on 
selected days with hourly maximum 0 3  > 60 ppbv at Thompson Farm on a): 
July 4, 2003; b): August 9, 2003; c): July 1, 2004; d) July 22, 2004; e) August 
6 , 2003; f) August, 22, 2003; g) July 30, 2004 and h) August 10, 2004).
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b) low marine.
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Alaskan Wildfire Plumes. Presented in Figure 5.12 are the time series plots 
of isopropyl nitrate, 2-butyl nitrate, 3-pentyl nitrate, O 3 ,  CHBr3 , CH2 Br2, 
acetonitrile, and DMS measurements at Al from July 10-26, 2004. Spanning 
this time period, elevated levels of 0 3 were frequently observed and 
correlated with alkyl nitrates, indicating photochemically processed air masses 
(Figure 5.12a). However, on July 13-14, elevated O 3  mixing ratios (~60 ppbv) 
corresponded to a period of very low alkyl nitrate mixing ratios, as indicated 
by the shaded area in Figure 5.12a. Furthermore, the elevated 0 3  levels 
corresponded with a simultaneous decrease in CHBr3, CH2 Br2  and DMS 
mixing ratios (Figure 5.12b and c). This finding suggests that the air mass 
encountered during this period was entrained from the upper atmosphere, as 
characterized by the low levels of marine tracers typical of the upper 
atmosphere (Figure 5.3; Section 5.2.1). Moreover, during the elevated 0 3  
period, high levels of acetonitrile were present (Figure 5.12c), which is a good 
marker for biomass burning (e.g., Holzinger et al., [1999]; de Gouw et al., 
[2006]). Additionally, ethyne, carbon monoxide (CO) and the methyl halides, 
which are also good markers of combustion and biomass burning, had 
elevated mixing ratios, while nitric oxide (NO) mixing ratios were below 
detection limit during the plume encounter (not shown).
In order to characterize the plume and identify its source, hydrocarbon 
ratios relative to CO were evaluated. The hydrocarbon/CO enhancement 
ratios are consistent with Wofsy et al. [1992] during airborne expeditions 
sampling wild fire plumes in the boreal zone near Bethel, Alaska (Table 5.2). 
These results, coupled with elevated levels of biomass burning markers and 
low levels of marine tracers confirm that the plume was entrained from the
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upper atmosphere while its origins were that of biomass burning. However, 
the O 3 / C O  ratio is considerably higher than the results presented in Wofsy et 
al. [1992], indicating that the air mass had undergone some photochemical 
processing during transport across the continent to the northeastern U.S.
A unique characteristic of the biomass burning plume encountered at 
the surface on July 13-14 was the low mixing ratios of alkyl nitrates, which are 
indicators of photochemical processing in the presence of NOx (NO + N 02). 
The backward trajectories for this period indicate that air masses originated 
from the Alaskan and western Canadian wildfires, which had characteristic 
signatures of boreal fires. Our observations suggest that the emissions from 
the wildfires were rapidly transported upward above 2  km by convection, and 
were subsequently transported across the North American continent without 
extensive chemical removal, then entrained to the surface in this region 
(Figure 5.13). Because much of the NOx emitted in fires is either rapidly 
removed or converted to peroxyacetyl nitrate (PAN), there are effectively 
insufficient levels of NOx to produce other alkyl nitrates in the air mass during 
transport. The compilation of results presented here, including the relatively 
high levels of biomass burning markers and their anti-correlation with marine 
tracers, demonstrate the utility of this suite of trace gases in source 
identification. The transport of VOCs enriched plumes to the surface 
furnishes substantial amounts of reactivity, which, when mixed with fresh 
emissions in the marine boundary layer can affect the photochemical 
production of O3 and organic aerosols.
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Figure 5.12. Mixing ratios of a) O3 and alkyl nitrates, b) CHBr3 and CH2 Br2 , 
and c) acetonitrile and DMS at Appledore Island from July 10-26, 2004.
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Figure 5.13. NOAA HYSPLIT backward trajectory for 00:00 (UTC), July 14, 
2004 illustrating the influence of the Alaskan wildfires on the air masses 
arriving at Thompson Farm.
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Table 5.2. Enhancement ratios in biomass burning plumes relative to CO (mole/mole).
Location ethane ethyne propane n-butane o 3
Appledore Island, ME 0.0066 0.0014 0.0009 0.00013 0.270
Thompson Farm, Durham, NH 0.0067 0.0013 0.0009 0.00014 0.233
Flight 14 (Bethel)* 0.0057 0 . 0 0 2 0 0.0006 0 . 0 0 0 1 1 0.175
Flight 20 (Bethel)* 0.0054 0.0019 0.0008 0 . 0 0 0 1 0 0.076
Flight 21 (Bethel)* 0.0055 0.0019 0.0009 0.00015 0.040
Bethel Mean* 0.0055 0.0019 0.0008 0 . 0 0 0 1 2 0.095
*From Wofsyetal. [1992]
Conclusion
High concentrations of CHBr3 and CH2 Br2 were frequently observed at 
Thompson Farm and Appledore Island in the coastal and marine regions of 
northern New England, reflecting common sources associated with coastal 
water biogenic emissions. The Al marine site had higher concentrations of 
CHBr3 and CH2 Br2  compared to TF during the ICARTT 2004 campaign, 
illustrating the pronounced influence of local marine sources on their 
distributions. However, air masses encountered at TF were also frequently 
influenced by emissions from coastal marine and estuarine waters displaying 
elevated levels of marine halocarbons. For 2002-2004, average mixing ratios 
of CHBr3 and CH2 Br2 at TF were generally comparable with previously 
reported results in coastal regions between 40°-60° N. Strong negative 
vertical gradients of CHBr3 and CH2 Br2 were observed in the troposphere 
over the coastal region of the Gulf of Maine, reflecting the surface oceanic 
sources of these gases. The rapid reduction in mixing ratios with altitude is a 
result of both photolytic loss and dilution by free troposphere air having low 
mixing ratios of CHBr3 and CH2 Br2.
Common sources with similar emission ratios were corroborated by the 
robust correlations between CHBr3 and CH2 Br2 mixing ratios yielding similar 
slope values of the regression lines for all data sets from TF and Al. The 
CH2 Br2/CHBr3 ratios decreased with increasing CHBr3 mixing ratios indicating 
that air masses with recent marine influences tended to have a higher fraction 
of CHBr3 compared to those having less recent marine influences. Air masses 
generally had lower CH2 Br2/CHBr3 at Al than at TF, illustrating the 
pronounced local marine influences at Al.
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Large-scale circulation patterns play a critical role in controlling the 
distributions of trace gases in the atmosphere. At TF, air masses from the 
northeast and southeast had higher levels of CHBr3 and CH2 Br2 than those 
from the southwest and northwest. At Al, the highest average mixing ratios of 
CHBr3 and CH2 Br2 were observed when winds were from the northeast, 
southeast, and south-southwest (180-225°), which is indicative of the coastal 
marine influence. For C2 CI4 and C2 HCI3, air masses from the southwest at TF 
and southwest-west (225-270°) at Al showed higher levels than those from 
other sectors, confirming a strong urban influence from these directions. 
Additionally, there were periods when air masses from the southeast 
(southeast-southwest at Al) showed a strong marine signature as well as 
enhancements of urban tracers, illustrating the complexity of the dynamic 
processes encountered in this region.
Wind speed is a major factor in controlling the sea-to-air fluxes of 
dissolved trace gases. At Al, CHBr3 and CH2 Br2 mixing ratios increased 
proportionally with wind speed, facilitating their exchange to the atmosphere. 
The influence of Tropical Storm Bonnie was observed both at TF and Al, 
resulting in significant increases in mixing ratios of CHBr3 and CH2 Br2, as well 
as other marine tracers, during its passage through this region. The extended 
period of high winds in contact with supersaturated coastal waters during 
Tropical Storm Bonnie caused large amounts of halogenated compounds to 
be injected into the atmosphere, resulting in higher average mixing ratios at 
TF in summer 2004 as compared to previous years. Because tropical storms 
and hurricanes in the Atlantic regularly travel up the coastline during their 
transit northward, their presence can have profound effects on regions such
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as the northeast U.S. Thus, long-term event based observations of trace 
gases under extreme weather conditions (i.e., tropical storms and hurricanes) 
are critical for evaluating i) how the composition of the atmosphere will 
change, ii) the feedbacks associated with elevated atmospheric 
concentrations of marine derived gases and iii) what impacts this will 
ultimately have on the chemical processing of the atmosphere and future air 
quality in coastal zones.
Marine tracers were used to investigate the transport and processing 
of polluted air masses along the northeast coastal region. At TF, 0 3 episodes 
were identified during two meterological conditions, synoptic southwesterly 
and southeasterly onshore flow. Elevated 0 3 levels corresponded to very low 
CHBr3 mixing ratios during the southwesterly flow, suggesting a strong 
continental influence. Under the southeasterly onshore flow, enhanced levels 
of both 0 3 and CHBr3 were observed, indicating a pronounced marine 
influence. Ozone episodes related to air masses with strong marine 
influences accounted for 38% of all ozone episode days in the summers of 
2003 and 2004 at TF.
The entrainment of an 0 3-rich air mass from the upper atmosphere 
was encountered at the surface on July 13-14, 2004, as characterized by low 
levels of marine tracers, such as CHBr3, CH2 Br2 , and DMS. During this time 
period, high levels of biomass burning markers, including acetonitrile, ethyne, 
CO and the methyl halides, were present suggesting that the air mass was of 
biomass burning origin. Furthermore, enhancement ratios of hydrocarbons 
relative to CO were consistent with those of boreal fires. The backward 
trajectories and chemical signature reveal that plumes from the Alaskan and
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western Canadian wildfires were rapidly transported across the North 
American continent and encountered at the surface in the northeast, 
remaining relatively in tact. In this case, the utility of using marine derived 
halocarbons to aid in differentiating sources was clearly demonstrated.
Coastal regions are potentially significant sources of short-lived 
brominated organic compounds to the atmosphere, with macroalgae playing 
an important role in their production. Climate change, such as global warming 
and the feedbacks associated with temperature changes, could alter the 
visible radiation intensity reaching the surface influencing the regional and 
global biomass standing of macroalgae, and thus the production of marine 
derived gases. Meteorological conditions play a pivotal role in controlling the 
atmospheric abundances and distributions of these gases. It is not known 
how changes in wind speed via increased frequencies and strengths of 
tropical storms and hurricanes will alter the abundances and distributions of 
marine derived gases, as sea-to-air fluxes are controlled by these 
mechanisms. Long term monitoring is needed, including marine biomass 
investigations along with atmospheric and surface seawater measurements at 
a variety of locations throughout the globe in order to have baseline 
measurements with which future changes can be compared.
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CHAPTER VI
SUMMARY
The analytical methods described in this dissertation were employed 
for whole air sampling and analysis of atmospheric volatile organic 
compounds during a series of scientific research campaigns. The analytical 
systems described here enabled us to make high precision measurements for 
a large suite of trace gases, including nonmethane hydrocarbons, 
halocarbons, and alkyl nitrates, from ppbv to pptv levels. The measurement 
precisions from the analyses of the whole air standards during the YNP 03 
and DUKE 04 campaigns, which are representative of our system 
performance, ranged from 1 - 1 0 % for almost all gases, indicating that high 
precision measurements of a large suite of VOCs can be conducted with 
continuous operation of the multi-column system. Further improvement of the 
system performance could be achieved in order to reduce the analysis cycle 
time and improve the sensitivities of MS to the reactive marine derived 
bromocarbons and iodocarbons.
Air toxics, such as benzene, toluene, ethyl benzene, xylenes, and 
hexane, which are major components of 2 -stroke engine exhaust, show large 
enhancements between the high traffic and low traffic sampling periods on 
subsequent days during the YNP 2002 and 2003 campaigns. Evaluation of 
the photochemical history of air masses sampled in the Park reveals that 
emissions of these air toxics were i) recent, ii) persistent throughout the 
region and iii) are consistent with the 2 -stroke exhaust sample fingerprints.
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Using a simple box model, the annual emission fluxes from snowmobile 
usage in the Park are estimated to be 0.35, 1.12, 0.24, 1.45, and 0.36 Gg/yr 
for benzene, toluene, ethyl benzene, xylenes, and hexane, respectively. By 
extrapolating these results to the U.S., annual emissions from snowmobile 
usage appear to be significant (~14-21%) with respect to EPA estimates air 
toxics by non-road vehicles. This research will ultimately provide base-line 
VOC data which can be used by the NPS to assess the effectiveness of 
management decisions concerning oversnow traffic in YNP. For future air 
quality research activities similar to the study described in this dissertation, 
diurnal observations at additional sites in YNP as well as West Yellowstone 
will provide important data and information including emission flux estimates 
that will supplement those from the Lake R.S. sampling site as well as 
providing an important contrast with this relatively remote location. Air quality 
study in other seasons on spatial variation of pollutants, including air toxics, 
would provide an invaluable set of data that will allow comparison with the 
wintertime measurements of these gases.
Coastal and estuarine environments are potentially significant sources 
of short-lived halocarbons to the atmosphere. High concentrations of short 
lived halocarbons, such as CHBr3 and CH2 Br2, were frequently observed in 
the coastal and marine regions of northern New England, with sources 
associated with coastal water biogenic emissions. Using atmospheric 
concentrations observed at Great Bay, the emission flux of CHBr3, CH2 Br2, 
CH3 I, and C2 H5I from the local coast region of New Hampshire were 
estimated to be 26 ± 57, 4.7 ± 5.4, 5.9 ± 4.6, and 0.065 ± 0.20 nmol nrf2 h~1, 
respectively. Sea-to-air flux of CHBr3  calculated from surface seawater and
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ambient air measurements in the Gulf of Maine is in very good agreement 
with that estimated around Great Bay. Large-scale circulation patterns play a 
critical role in controlling the distributions of trace gases in the atmosphere. 
Wind speed is a major factor in controlling the sea-to-air fluxes of dissolved 
trace gases. The influence of Tropical Storm Bonnie’s passage was observed 
in this region, with significant increases in mixing ratios of marine tracers 
associated with increased wind speed. Marine tracers can be used to 
characterize the transport of air masses during pollution episodes in the 
northeastern U.S. Marine influences were observed in ~38% of 0 3 episodes 
at Thompson Farm in summers of 2003 and 2004. Marine tracers are also 
used to aid in identifying the source of an 0 3-rich plume which was originated 
in the Alaskan and western Canadian wildfires and entrained to the surface in 
the northeast. For future studies concerning with marine derived short lived 
halocarbons, long term monitoring is needed, including marine biomass 
investigations along with atmospheric and surface seawater measurements at 
a variety of locations throughout the globe in order to have baseline 
measurements with which future changes related to global warming can be 
compared. Additionally, long-term event based observations of trace gases 
under extreme weather conditions (i.e., tropical storms and hurricanes) are 
critical for evaluating i) how the composition of the atmosphere will change, ii) 
the feedbacks associated with elevated atmospheric concentrations of marine 
derived gases and iii) what impacts this will ultimately have on the chemical 
processing of the atmosphere and future air quality in coastal zones.
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